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Transition metal based oxides have a wide range of physical 
properties, from ferroelectricity to ferromagnetism and insulating to 
superconducting behaviours. Recent trends in research suggest that 
materials can play a great role in energy conversion and green energy 
resources. Manganites have the general formula AMnO3, where A is a 
trivalent rare earth or divalent alkaline earth ion. These manganites show a 
strong coupling between electrical and magnetic properties. Since 1993, 
they have been extensively investigated for the effect known as colossal 
magnetoresistance. Recent studies suggest that manganites are also potential 
candidates for magnetic refrigeration. However, the thermoelectric 
properties of these oxides are less investigated than their electrical and 
magnetic properties and the connections between these properties are rarely 
explored.  
In this thesis, the magnetic, magnetocaloric, electrical and 
thermoelectric properties of a selected family of hole-doped manganites, 
which have not been reported previously, are investigated.  
The investigated systems are:  
The divalent hole doped Pr1-xSrxMnO3 for x = 0.1-0.54, trivalent rare 
earth doped Pr0.6-xSmxSr0.4MnO3 and Pr0.8-xSmxSr0.2MnO3, and monovalent 






This series show second order paramagnetic (PM) to ferromagnetic 
(FM) transitions, as well as first order ferromagnetic to antiferromagnetic 
(AFM), and paramagnetic to antiferromagnetic transitions for certain levels 
of hole doping (x). The second order ferromagnetic Curie temperature is 
tunable for a wide temperature range 120 K – 305 K with divalent Sr 
doping. We have observed that magnetic entropy can either decrease 
(normal MCE) or increase (inverse MCE) in the compounds of this series, 
depending on the hole content (x) and magneto-structural coupling. The 
order and critical behaviour of magnetic phase transitions were analysed 
using Arrott plots and universal scaling behaviour of magnetic entropy 
change. Thermopower in zero field shows a sharp feature at the magnetic 
phase transition, even though special features were not observed in dc 
electrical resistivity. Thermopower was found to change from positive to 
negative with increasing Sr content. Both resistivity and thermopower 
decreased in magnitude with increasing strength of the magnetic field. The 
largest magnetothermopower (MTEP) and magnetoresistance (MR) were 86 
and 74, respectively, in x = 0.2. We found close correlations among field 
dependent magnetization, resistivity and thermopower in the paramagnetic 
regime. The high temperature dc-electrical resistivity and thermopower 






Pr0.6-xSmxSr0.4MnO3 and Pr0.8-xSmxSr0.2MnO3:  
Replacement of the large sized Pr
3+
 by the smaller sized Sm
3+
 in 
Pr0.6-xSmxSr0.4MnO3 causes suppression of the ferromagnetic transition from 
TC = 305 K (x = 0) to 120 K (x = 0.6). The nature of the paramagnetic to 
ferromagnetic transition changes from second order for x = 0.0 to first order 
for x = 0.6. Thermopower becomes increasingly negative at and above TC 
with increasing Sm content, and becomes very small (~ 1-2 μV/K) in the 
metallic state. Magnetic entropy change was found to increase with Sm 
content. Large negative MR and MTEP were found throughout the series. 
The largest values of MTEP and MR were 75 and 96, respectively, for x = 
0.6. 
The FM Curie temperature also decreases with increasing Sm 
content in Pr0.8-xSmxSr0.2MnO3. The magnitude of electrical resistivity and 
thermopower increases with increasing Sm at room temperature. However, 
unlike Sm0.6Sr0.4MnO3, the end compound Sm0.8Sr0.2MnO3 does not show 
insulator-metal transition either in zero or non-zero magnetic fields. 
Thermopower is positive in this series and its magnitude increases with Sm 
content.  
Nd1-xNaxMnO3: 
NdMnO3 is an A-type Antiferromagnetic insulator with Neel temperature at TN 
= 85 K. The monovalent (Na
+1
) doping induces second order PM to FM 
transition for x = 0.1 - 0.2, and CE-type antiferromagnetic transition at TN ≈ 
120 K for x = 0.25. The later compounds also become charge ordered at TCO ~ 
180 K. All compounds show an insulating behaviour for whole measured 
 xi 
 
temperature range under zero fields. The experimental value of saturation 
magnetization MS is higher than the theoretical values based on Mn ions, 
which suggests that Nd-4f moments contribute to the magnetization below 20 
K. The x = 0.25 sample was studied in detail. Field induced first order 
transition in resistivity and magnetization was also accompanied by 
thermopower. We found irreversible and reversible features in magnetization 
and resistivity. Surprisingly, thermopower was also found to mimic the 
behaviour of magnetization and resistivity. Colossal MR (≈ 100 %) and 
colossal MTEP (≈ 100 %) were found in x = 0.25. Our study indicates the 
presence of intimate connections between electrical, magnetic, and 
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Chapter 1. Introduction 
 
Investigations of novel and functional materials and technologies for 
harvesting natural abundant resources have gathered great attention in the 
material research society, due to the specific need for efficient and 
environment friendly materials for the conversion of waste energy from one 
form to another. Prominent among these materials are those that convert 
chemical and solar energy into electric voltage. It is also possible to convert 
thermal-energy (i.e. temperature gradient) into electrical voltage using the 
Seebeck effect, and to convert magnetic entropy change to thermal cooling 
using a magnetocaloric effect. However, the latter two energy conversion 
processes are less explored than chemical and solar energy to electricity 
conversions. Transition metal oxides show a wide range of electrical and 
magnetic properties. Strong coupling between magnetic, electrical, and 
thermal properties can be exploited to harvest thermal and magnetic energy. 
 Magnetic and electrical properties of magnetic oxide materials strongly 
depend on the exchange interactions among 3d transition metal cations. 
Recently, the generation of thermopower through the inverse Spin Hall Effect 
due to the Spin Seebeck Effect (SSE) in poly crystalline magnetic conducting 
and insulating materials was demonstrated.1 
The perovskite structure oxide materials such as manganites, cobaltites and 
titanates, show remarkable physical properties.  These properties include 
colossal magnetoresistance (CMR), various magnetic phases, ferroelectricity, 
multi-ferroelectricity, and temperature and carrier density driven metal-
insulator transitions. Among them, hole doped manganites (Ln1-xAxMnO3, 
where Ln-trivalent cations, A-di/mono-valent cations) have attracted great 
 2 
 
attention due to the CMR effect. Colossal magnetoresistance refers to a large 
decrease in the resistance, as much as 20-100 % in a magnetic field of 3-7 
Tesla. Since the fundamental mechanism of magnetoresistance is different 
from the giant magnetoresistance effect, this phenomena is called colossal 
magnetoresistance.   
1.1.  Perovskite Structure Oxides: Manganites 
The un-doped manganites (LnMnO3) are antiferromagnetic insulators,
2
 in 









antiferromagnetism is of the A-type, in which ferromagnetic ab planes along 
the c-axis are coupled antiferromagnetically.
3
 They are insulators, due to a 




, where A = 
Ca, Sr, or Ba, converts a fraction of the Mn
3+
 ions into Mn
4+
 ions. Since Mn
4+
 
has the electronic configuration𝑡2𝑔
3 𝑒𝑔
0, holes are doped upon the introduction 
of divalent cations.  
Increasing the doping of divalent cations (x) above a certain value 
changes the low temperature ground state from antiferromagnetic insulating 
(AFM-I) to ferromagnetic metallic (FM-M) below the Curie temperature (TC). 
The insulator-metal transition (IMT), accompanied by the paramagnetic (PM) 
to ferromagnetic (FM) transition has been studied with different divalent 
elements and doping contents. CMR occurs at the IMT temperature (TIM). 
Several research groups have studied the effect of rare earth cation size on the 
temperature and field dependence of electrical and magnetic properties of 
manganites by doping different divalent cations, types of rare earth cations. 
The doping at a rare-earth site mainly influences the lattice distortion due to 
 3 
 
cation size mismatch. Experimentally, it was found that the magnitude of 
magnetoresistance and the Curie temperature are also strongly influenced by 
the cation size of the rare earth site.  




Figure 1.1: Crystallographic of perovskite structure (ABO3) manganite 
(LnMnO3). 
 
Manganites with the general formula Ln1-xAxMnO3 belong to ABO3 
type perovskite structure compounds. The primitive cell of a perovskite 
structure contains five atoms, which are occupied by the larger rare-earth 
cations (A-sites) at the corners (0, 0, 0), transition metal Mn-cations (B-sites) 
at the body centres (½, ½, ½), and oxygen anions (O-sites) at the face centres 
(½, ½, 0) of a simple cubic lattice. The A, B and O sites are associated with 
12, 6 and 8 coordination numbers, respectively. In perovskite structure, six 
oxygen anions occupy the octahedral positions of the Mn cation. The co-
ordination number around the A-site could change from 12 to 8 by MnO6 
 4 
 
octahedra tilting. These perovskite structures are in a cubic phase with high 
symmetry even at very elevated temperatures. The MnO6 octahedron is 
distorted as the temperature is lowered and the structure is changed from 
perfect cubic to rhombohedral and orthorhombic structures. The stability and 
degree of distortion for the crystal structure can be estimated from the 






where, 〈𝑟𝐴〉, 〈𝑟𝐵〉 𝑎𝑛𝑑 〈𝑟𝑂〉 are the average ionic radii of the A-site, B-
site, and O-site, respectively. The change in ionic radii of the A-site affects the 
Mn-O-Mn bond angle and also the MnO6 octahedron. The value of the 
tolerance factor is t = 1 for a perfect cubic structure. The crystal structure is 
stable for the t values in the range of 0.8 < t < 1.02. The crystal structure exists 
in the orthorhombic phase for t < 0.96 and the rhombohedral phase for 0.96 ≤ t 
< 1.  Thus, the magnetic and electrical transport properties of manganites are 
strongly dependent on their crystallographic structure.   
1.1.2.  Electronic structure 
 
In hole-doped manganites (Ln1-xAxMnO3), Mn ion has two different 




 cations. Manganese (Mn) is a 3d-
transition metal, and the 3d-shell contains five orbitals; namely, 
𝑑𝑥𝑦, 𝑑𝑦𝑧 , 𝑑𝑧𝑥 , 𝑑𝑥2−𝑦2  𝑎𝑛𝑑 𝑑3𝑧2−𝑟2 . There are four and three valence d-









 cations, respectively. It is well known that in a perovskite 
 5 
 
crystal structure, the transition metal Mn-cation is surrounded by the six 
oxygen atoms in the octahedral positions. The crystal field created by the high 
oxygen environment splits the fivefold degenerate manganese 3d orbitals into 
three degenerate orbitals (𝑑𝑥𝑦, 𝑑𝑦𝑧 , 𝑑𝑧𝑥) called t2g levels with lower energy, 
and two degenerate orbitals (𝑑𝑥2−𝑦2 , 𝑑3𝑧2−𝑟2)  called eg levels with higher 
energy. Due to the strong Hund’s coupling, all electrons in these levels align 
parallel to each other, such that the total spin for Mn
3+
 is 2 and Mn
4+
 is 3/2, 
respectively.  The electrons in the t2g levels are immobile and are called core 
spins, and the eg electrons are itinerant and can hop from one Mn site to 
another.   
 
 




 ions in crystal field splitting. 
The electronic structure of a Jahn-Teller distorted Mn
3+
 ion.   
 
1.1.3. Jahn-Teller distortions 
 
The degenerate energy levels are further lifted through an orbital-
lattice interaction called Jahn-Teller distortion.  The octahedral position of a 
Mn
3+ 
cation that is Jahn-Teller active is caused by the odd number of electrons 
in the eg levels. The Q2 and Q3 modes are among the 21 modes of vibration 
 6 
 
(degrees of freedom), In basal plane distortion (Q2) one diagonal O pair is 
displaced inwards and the other pair is displaced outwards; tetragonal 
distortion (Q3) results in elongation or distortion of the MnO6 octahedron. 
These two modes are the most relevant to the splitting of eg levels.
4
 Figure 1.3 










Figure 1.3: Jahn-Teller distortion in perovskite manganite. The arrow directions 
indicate the motion of oxygen ions.  
 
1.1.4. Magnetism and electrical transport 
There are two main exchange mechanisms that explain the magnetic and 
electrical properties of hole doped manganites based on magnetic coupling 
between two magnetic cations through a non-magnetic anion.   




 first proposed the super exchange (SE) interaction mechanism in 




 by considering molecular 
orbitals of the d-shell mixing with the p-shell orbitals of neighbouring 





developed some semi-empirical rules for super exchange by considering the 
occupation of the various d levels as dictated by ligand field theory. According 














) can be antiferromagnetic or 













1.1.4.2. Double Exchange Mechanism 
C. Zener in 1951, proposed the double exchange (DE) mechanism to 
quantitatively explain the insulator-metal and paramagnetic to ferromagnetic 
transitions in hole doped mixed valence manganites.
10
 The ferromagnetic 
metallic properties of hole doped manganites are determined by the transfer of 




cations through a nonmagnetic oxygen anion. The ferromagnetism arises from 
an indirect coupling between neighbouring manganese cation spins (core 
spins) through the eg-electron carriers. The Mn
3+
 cation has four valence 
electrons; thus it has three electrons in t2g levels and one electron in the eg 
orbital. The Mn
4+
 cation has three valence electrons in t2g levels with an 
unoccupied eg orbital. According to Hund’s rule, each Mn cation is in its 
configuration of the highest multiplicity, (i.e.,the Mn
3+
 cation will have 
 8 
 
maximum spin at S = 2 and S = 3/2 for the Mn
4+
 cation). The eg electron of 
Mn
3+
 hops through the O
2-
 anion to the unoccupied eg orbital of the Mn
4+
 
cation. This exchange enables electric conduction in the system. In order to 
conserve the electron spin, the eg electron hops from an Mn
3+





only when the t2g electrons of Mn
4+
 align in parallel with 
the t2g electrons of the Mn
3+
 cation. The large Hund’s coupling JH helps the 




> 0) occurs when the eg electrons of Mn
3+
 cations hop to 
Mn
4+
 cations through oxygen  ions this is called double exchange.   
 
 
  Figure 1.5: Double Exchange interaction between Mn ions. 
 
The hopping interaction tij of eg electrons between neighbouring sites i and 
j is expressed as:- 
𝑡𝑖𝑗 = 𝑡𝑖𝑗
0 𝑐𝑜𝑠(𝜃𝑖𝑗/2) 
Where, θij is the angle between the neighbouring core spins. Thus, the 
magnitude of the hopping interaction is maximised when the core spins of 
cations are parallel (θij = 0).  The electrical resistivity is expected to decrease 
when θij > 0 compared to when θij = 0, (i.e., from a spin distorted paramagnetic 
state to a spin ordered ferromagnetic state).   
 9 
 
 Insulator metal transition and large magnetoresistance mostly occur near TC. 
Based on these results, just by considering the magnetic fluctuations near TC 
and the Born approximation, the scaling relation has been proposed between 












where, C is the scaling constant and for manganites it is between 0.5 and 5, m 
is magnetization; and ms is the saturation magnetization.  
The correlation between field dependent resistivity (ρ(H)) and 
magnetization (M(H)) above Curie temperature in hole doped manganites have 
been proposed by Urushibara et al.
12
, Chen et al.
13
 and Wang et al.
14
 Wang et 
al. proposed a universal relation, 𝜌 = 𝐴𝑇𝑒𝑥𝑝[(𝜀 − 𝛼𝑚2)/𝑇]  for hole doped 
manganites, where α is a constant, m is the normalized magnetization, and ε is 
the activation energy for polarons. 











Figure 1.6:  CMR (a) Sm0.55Sr0.45MnO3 and Nd0.55Sr0.45MnO3 and (b) La1-xCaxMnO3 







The change in the magnitude of dc electrical resistance under an 
external magnetic field is referred to as magnetoresistance. It is defined 
as  𝑀𝑅(%) =  (
𝜌(𝐻)−𝜌(0)
𝜌(0)
) × 100 ), where, ρ(0) and ρ(H) are dc-electrical 
resistivity under zero and µ0H magnetic fields, respectively. Generally, metals 
show very small magnetoresistance due to Lorentz forces.  
The un-doped manganites LnMnO3 contain Mn
3+
 cations that are Jahn 
teller active. All 𝑡2𝑔 
3 𝑎𝑛𝑑 𝑒𝑔
1  electrons are subject to electron repulsion 
interaction and tend to be localized.  
Fig. 1.6(a) shows the ρ(T) for Sm0.55Sr0.45MnO3 and Nd0.55Sr0.45MnO3 
under different magnetic fields. The figure shows that there is a gigantic 
decrease in resistivity in Sm0.55Sr0.45MnO3 compared to Nd0.55Sr0.45MnO3. The 
small cation ionic size difference between Sm and Nd strongly affects the 
Curie temperature and MR. The anomalous increase in resistivity above TC in 
Sm0.55Sr0.45MnO3 is due to electron localization as a small polaron. Fig. 1.6(b) 
shows the ρ(T) for polycrystalline with different grain sizes and an epitaxial 
film of LaCaMnO3. The resistivity of epitaxial film drops to a low value below 
TC with a pronounced peak. However, polycrystalline samples show broad 
peaks compare to an epitaxial film. The resistivity increases with the 
decreasing size of the grains.   
The paramagnetic semiconducting and ferromagnetic insulating 
behaviour cannot be explained by the DE frame work alone; further, it cannot 
explain the experimental observed value of resistivity.
17
 The experimental 
results suggest that Jahn-Teller distortion (electron-phonon interactions) is 
very important consider for electrical transport in the paramagnetic regime. 
 11 
 
The electrical transport in the high temperature regime is well 
described by a thermally activated hopping mechanism (𝑇 ≳ ℏ𝜔0/𝑘𝐵, where 
ω0 is an optical phonon frequency), where the local lattice distortion plays an 
important role. In an adiabatic limit, where the hopping of the charge carrier is 
larger than the phonon motion, the electrical conductivity is expressed as: 
𝜎(𝑇) = (𝜎0/𝑇)𝑒𝑥𝑝(−𝐸𝜎/𝑘𝐵𝑇) 
 Consequently the electrical resistivity is expressed as:  
𝜌(𝑇) = 𝜌0𝑇𝑒𝑥𝑝(𝐸𝜎/𝑘𝐵𝑇) 
1.1.6. Charge ordering in manganites 
 




 ions (b) 




] which implies that there is incomplete 













The half (50%) hole doped compounds (Ln0.5A0.5MnO3, where Ln = 
La, Pr, Nd, Sm, and A = Sr, Ca and Ba) show the antiferromagnetic insulating 
ground state, due to localization of charge carriers rather than the conventional 
super-exchange mechanism. Half hole doped manganites are susceptible to a 
charge ordering transition which promotes the antiferromagnetic insulating 
behaviour, i.e. the localization of charge carriers due to the specific long range 
ordering of Mn cations below a certain temperature, called charge ordering 
 12 
 
temperature (TCO). The low temperature antiferromagnetic insulating phase is 
associated with several phenomena due to charge, spin and orbital ordering.   
1.1.7. Magnetic phase transition and critical parameters   
1.1.7.1 Arrott-plot: 
In general, the Curie temperature of the magnetic material is estimated 
from the differentiation of temperature dependent magnetization (dM/dT). The 
minima of the dM/dT versus T curve under low magnetic field, the inflection 
point is referred to as the Curie temperature (TC); however, the Curie 
temperature (TC) varies with an externally applied magnetic field. Within the 
limits of molecular field theory, A. Arrott proposed the criteria for finding the 
onset of ferromagnetism from the field dependence of magnetization M(H) 
isotherms around the magnetic phase transition temperature. The accurate 
Curie temperature of the magnetic phase transition can be determined from the 





From the molecular field theory, the field dependence of magnetization 
M can be written as: 
𝑀 = 𝑀0𝐵𝐽 (
𝑀0 (𝐻 + 𝛼𝑀)
𝑁𝐴𝑘𝐵𝑇
) 
where, 𝑀0 = 𝑁𝐴𝑔𝐽𝜇𝐵𝐽 is spontaneous magnetization at zero 
temperature and BJ is the Brillouin function. The above equation can be 
written as: 












































2 ) − 𝛼. At Curie point TC, by definition 1/χ = 0.  




. Hence at TC,  𝐻 = 𝛽𝑀3 + 𝛾𝑀5 + ⋯. 
                                            𝐻/𝑀 = 𝛽𝑀2 + 𝛾𝑀4 + ⋯. 
The plot M
2
 versus H/M gives a straight line at constant temperature T, 
and it passes through the origin at T = TC.   
The critical behaviour of second order magnetic phase transition is 
studied through the series of critical exponents. The Curie temperature (TC), 
susceptibility (χ), saturation magnetization (MS) and critical order parameters 
(β, γ and δ) can be estimated from the isotherms of magnetization by the 
scaling hypothesis. The relations among all these parameters are described by 
the following scaling equations:  
                                   𝑀𝑆(𝑇) = 𝑀0(−𝜀)





) (𝜀)𝛾, 𝜀 > 0, 𝑇 > 𝑇𝐶  … … … … . (2)  
𝑀 = 𝐷(𝐻)1/𝛿 , 𝜀 = 0, 𝑇 = 𝑇𝐶  … … … … . (3) 
where, 𝜀 = (𝑇 − 𝑇𝐶)/𝑇𝐶  is the reduced temperature,  and M0 (h0/M0) 
and D are the critical amplitudes. β, γ and δ are the critical exponents 
associated with MS, 𝜒0 and TC, respectively. At Curie temperature 1/χ tends to 
zero, the M
2
 versus H/M plots give a series of parallel straight lines and the 
curve at T = TC passes through the origin. These plots have two different 
regions above (T > TC) and below (T < TC) the Curie temperature. By 
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extrapolating the Arrott plots from the high field region to H/M = 0 for T < TC 
and M
2
 = 0 for T > TC, the spontaneous magnetization Ms(T,0) and the inverse 
initial susceptibility 1
0 ( ,0)T
  can be determined. Using the above scaling 
relations the β, γ and TC of the magnetic phase transition can be determined. 
The positive and negative slope of M
2
 versus 
H/M (Arrott plot) curves correspond to the second and first order natures of 
magnetic phase transition, respectively.
23
   
Critical analysis is very useful for understanding the physical 
properties of magnetic phase transition; it is done based on the mean field 
model for a continuous second order magnetic phase transition. This model 
excludes the magnetic spin fluctuations and the presence of magnetic clusters 
in the magnetic transition. In real materials, magnetic phase transition shows 
non-linear Arrott plots; this might be due to the presence of inhomogeneous 
magnetic clusters at the phase transition. These second order magnetic phase 
transitions could be explained by the modified Arrott plots as proposed by 




1/𝛽, where M1 
is the material constant.
24
 There are some anticipated theoretical models that 
explain the magnetic properties at these magnetic phase transitions. They are 
3D-Heisenberg, 3D Ising and tri-critical models with their corresponding 
critical parameters. These models include short range ordering and spin-
fluctuations at magnetic phase transitions and they consider the individual 
molecular fields. The theoretically calculated critical exponents for these 
models are given in Table 1.1. Each model has only two unique critical 
exponents and they are interrelated with each other through the Widom scaling 
relation 𝛾 = 𝛽(𝛿 − 1).25  
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Model Β γ δ 
Mean  Field 0.5 1 3 
3D-Heisenberg 0.365 1.336 4.66 
3D-Ising 0.325 1.24 4.81 
Tri-Critical  0.25 1 5 
 
 Table 1.1: Critical exponents for different models 
 
In addition to the Arrott plot for determining the critical parameters of 
the second order transition, Kouvel-Fisher (KF)
26
 and critical isotherm 
analysis have been used. The critical exponents of β and γ can be determined 
using the KF method, independently from the asymptotic behaviour of the 
spontaneous magnetization and the inverse initial susceptibility near TC 
through the below equations: 
𝑀𝑆(𝑇) =  𝑙𝑖𝑚𝐻→0𝑀 = 𝐵|𝜀|
𝛽 and 
𝜒0
−1(𝑇) = 𝑙𝑖𝑚𝐻→0(𝐻/𝑀)  = 𝐴 |𝜀|
𝛾 
By using KF linear relations and scaling equations 1 and 2:-  
𝑀𝑆(𝑇)[𝑑𝑀𝑆(𝑇)/𝑑𝑇]
−1 =  (𝑇 − 𝑇𝐶)/𝛽 
𝜒0
−1(𝑇)[𝑑𝜒0
−1(𝑇)/𝑑𝑇]−1 = (𝑇 − 𝑇𝐶)/𝛾 
The plot of 𝑀𝑆[𝑑𝑀𝑆/𝑑𝑇]
−1  versus T and 𝜒0
−1[𝑑𝜒0
−1/𝑑𝑇]−1  versus T yields 
straight lines with slopes 1/β and 1/γ, respectively. The intercept with the T 
axis of both straight lines gives the TC.   
The isothermal magnetization M(H) obeys the universal scaling law as 
expressed below: 




Where, f+ and f- are regular functions for above and below TC.  The derived 
critical exponents can be confirmed by above scaling equation. The curves 
𝑀|𝜀|𝛽 𝑣𝑠 𝐻/|𝜀|𝛽+𝛾 fall into two universal branches for T > TC and T < TC, 
using the critical parameters derived either from an Arrott plot or the KF 
method.  
The modified Arrott plot analysis is an effective tool for determining 
the type of magnetic phase transition and the critical parameters associated 
with it. Arrott plot analysis was carried out to find the order of magnetic 
transition and critical parameters for some samples presented in this thesis. 
The deviation of β and γ values from the mean field theory indicates the 
existence of short range FM order and inhomogeneity in the magnetic phase 
transition of Pr0.6Sr0.4MnO3.    
1.2. Magnetocaloric effect 
Magnetocaloric effect (MCE) is the phenomenon in which the 
adiabatic temperature (∆Tad) of a magnetic material changes either during 
magnetization or demagnetization. MCE was first discovered in iron metal by 
E. Warburg in 1881.
27





 independently in order to reach very low 
temperatures. Earlier in the 20
th
 century, researchers used paramagnetic salts, 
such as Gd2(SO4)3.8H2O,
30
 ferric ammonium alum [Fe(NH4)(SO4).2H2O)],
31
 
chromic potassium alum, and cerous magnesium nitrate
32
 to achieve cryogenic 
temperatures that were lower than the temperature reached by liquid helium 
using the adiabatic demagnetization technique. They reached a very low 
temperature limit of 27 µK through this adiabatic demagnetization method, 
using the combination of Cu and a paramagnetic intermetallic PrNi5 
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compound. In the 1990’s Percharsky et al. from Ame’s laboratory reported a 
large MCE in Gd and Gd based alloys near room temperature.
33 , 34
 The 
discovery of a giant MCE near room temperature attracted tremendous interest 
in developing room temperature magnetic refrigeration systems and related 
applications.  
The magnetocaloric effect directly depends on the magnitude of the 
magnetic spin entropy change in the material. Figure 1.8 shows the schematic 
diagram of the whole cyclic process of adiabatic demagnetization in typical 
ferromagnetic material during magnetic refrigeration. Initially, all spins of the 
demagnetized sample are aligned randomly under zero field at a given 
temperature T. Then the material is adiabatically magnetized by an applied 
magnetic field H; the magnetic spin entropy of the material decreases and 
causes an increase in the lattice entropy, since the total entropy change in the 
adiabatic process is zero. Therefore, the temperature of the magnetic material 
increases to T+∆T due to the increase in lattice entropy. The change in 
temperature (∆T) is expelled through contact with the sink bringing it back to 
temperature T in the presence of an applied magnetic field. Finally, the 
material is demagnetized adiabatically, where the magnetic entropy increases. 
Therefore, lattice entropy decreases and lowers the temperature of the 
magnetic material to less than T by an amount of ∆Tad.  The decrease in the 
temperature of the magnetic material helps to remove heat from the load 










Figure 1.8: Schematic diagram of adiabatic demagnetization of a magnetic 
material.  
  
There are several advantages of using magnetic refrigeration instead of 
conventional vapour based refrigeration. Magnetic refrigeration systems are 
environmental friendly, more efficient (30-60%),
35
 and less toxic. They use 
solid refrigerants and are therefore more reliable and can be compact. The 
magnetic refrigeration technology is a likely cradle for inventing an efficient 
refrigerator at room temperature which is a strong alternative to conventional 
vapour based refrigerators. Nevertheless, there are several challenges to 
overcome before the development of a competent magnetic refrigerator for 
household and industrial applications at and near room temperature occurs.  
Brown et al. reported a large MCE near room temperature in Gd in 
1976.
36
 The Gd and Gd based materials are very expensive. Hence, researchers 
have been looking for alternative magnetic materials that can show a large 
MCE near room temperature. The discovery of the giant magnetocaloric effect 
in Gd5(Ge1-xSix)4 pseudo binary alloys
37
 with a 50% higher Gd than the MCE 
inspired  researchers to investigate novel and less expensive magnetic 
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materials for magnetic refrigeration that can show a large magnetocaloric 
effect near room temperature. There are several metallic and intermetallic 
systems; Mn-Ga based Heusler alloy systems,
38,39
 magnetic shape memory 
materials that are structurally coupled with magnetic phase transitions,
40
 Gd 
based alloys, and rare earth based perovskite oxide systems have received 
great attention for three decades.   
Hole doped Ln1-xAxMnO3 manganites are a promising option for 
achieving a large magnetocaloric effect, within a wide temperature range of 
120 K to 400 K, through control carrier doping. They are less expensive, 
robust to the environment and easy to synthesis.   
The magnetocaloric effect can be quantified either by adiabatic 
temperature change (∆Tad) or by isothermal magnetic entropy change (∆Sm).  
1.2.1.  Methods to estimate the MCE 
Experimentally, the magnetocaloric effect can be estimated in two ways.  
 Direct method 
This method directly measures the change in the adiabatic temperature (∆Tad) 
of the sample during application or removal of a magnetic field under 
adiabatic conditions. Thermocouples are used to measure the change in the 
adiabatic temperature (∆Tad) of the sample in differential mode. These 
measurements are very complicated to perform and errors in measurements 
should be avoided. These factors are mainly dependent on the quality of 
thermal contact between the sample and thermocouple. Measurements need to 
be carried out under well-established adiabatic conditions. These 
measurements are more time consuming and difficult to perform with 
materials of low thermal conductivity. The quality of the results can be 
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improved using pulse magnetic fields where the magnetic field varies 
promptly.   
 Indirect method 
In this method, the isothermal magnetic entropy change (-∆Sm) is calculated 
from the isothermal field dependent magnetization using the thermodynamic 
Maxwell’s equation. The total entropy of a magnetic material is the sum of the 
magnetic (Sm), electronic (Se) and lattice (Sl) entropies. The magnetic field 
which is applied externally, strongly affects the magnetic order parameter and 
the temperature of the sample through spin-lattice coupling.  
The total entropy can be expressed as: 
𝑆𝑡𝑜𝑡(𝑇, 𝑃, 𝐻) = 𝑆𝑙(𝑇, 𝑃, 𝐻) + 𝑆𝑚(𝑇, 𝑃, 𝐻) + 𝑆𝑒(𝑇, 𝑃, 𝐻) 
where Sl, Sm and Se are the lattice, magnetic and electronic entropy changes, 
respectively.  
The contributions of lattice and electronic entropy under a magnetic 
field are negligible. Only, ∆Sm is the main source of entropy change in the 
magnetic materials under an applied external magnetic field. The total change 
in the magnetic entropy is given by: 
















Under isothermal (∆T = 0) and isobaric (∆P = 0) processes, the total entropy 






The magnetic entropy change is more pronounced in the vicinity of the 
magnetic phase transitions (TC, TN etc.,), where the spins are aligned from 
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disordered to ordered or vice-versa. The ∆Sm is estimated from the isothermal 
field dependent magnetization data.  
 
Figure 1.9: (a) Schematic diagram of magnetic entropy change (∆Sm) and 
adiabatic temperature change (∆Tad) (b) Calculation of Refrigerant Capacity 
(RC) from ∆Sm versus T.  
According to the theory of thermodynamics, at a given temperature the 
isothermal magnetic entropy change is: 









where H1 and H2 are the applied fields and ∆H = H2-H1, H1 < H2.  





















The above equation can be simplified by the conversion of integration 
to summation when the isotherms of magnetization are done at very close 
temperature intervals. Then the above equation can be written as:    
∆𝑆𝑚 (𝑇, ∆𝐻) = ∑






where, Mi and Mi+1 are the magnetization values measured at Ti and Ti+1 
temperatures, respectively for a magnetic field interval of ∆H= Hi+1-Hi.  
The ∆Sm (T, H) can also be estimated from the specific heat measurements 
using the following relation:                                        
∆𝑆𝑚(𝑇, 𝐻) = ∫






where, C(T, 0) and C(T, H) are the specific heat capacity values measured in 0 
and H fields, respectively.  
On the other hand, using both isothermal magnetic entropy change and 
the heat capacity values, we can estimate the adiabatic change in temperature 
(∆Tad) by the following relation: 










In order to get a giant MCE, ∆Sm should be large. Since ∆Sm is 
proportional to (𝜕𝑀/𝜕𝑇), a large change in the magnetization with respect to 
temperature is expected. The refrigeration capacity is an important physical 
parameter and it is computed from the ∆Sm versus T curves. It quantifies the 
heat transferred from the cold end to the hot end of a thermodynamic Carnot 
cycle. It is defined as:  




where T1 and T2 are the boundary temperatures for the full width of the 
maximum ∆Sm versus T curve. Besides a large ‘∆Sm’, a material’s refrigeration 
capacity (RC) should be large to be suitable for practical applications.  
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1.2.2.  Differential Thermal Analysis (DTA) 
For this method, the temperature difference between sample and 
reference is measured under identical conditions while sweeping the 
temperature and the magnetic field. The temperature difference (∆T) gives the 
qualitative information regarding the phase transition of the material. It results 
in exothermic and endothermic peaks corresponding to heat release and 
absorption by the sample, respectively. The DTA is also used to study the 




1.2.3. Differential Scanning Calorimetry (DSC) 
In this method the amount of heat flow between sample and reference is 
measured in adiabatic conditions while sweeping temperature and magnetic 
field. The amount of heat flow  [(
𝜕𝑄
𝜕𝑇
 ) 𝑜𝑟 (
𝜕𝑄
𝜕𝐻
 )] gives both qualitative and 
quantitative information regarding the phase transition of the material. It can 
accurately measure the latent heat of the sample and helps to estimate the 
change in magnetic entropy (∆Sm) of the material through latent heat involved 
in the system under magnetic phase transitions.   
The latent heat (L) and the magnetic entropy change (∆Sm) are calculated from 
the following equations under magnetic field sweep: 







∆𝑆𝑚 = 𝐿/𝑚𝑇 
where, H1 and H2 are the initial and final fields of transition, and m is 
the sample mass. 
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1.2.4. Types of MCE 
The MCE is more pronounced in the vicinity of the magnetic phase 
transitions, where the spin entropy changes due to disorder-to-order or order-
to-disorder transition by the application of an external magnetic field.  
1.2.4.1. Normal magnetocaloric effect (NMCE) 
 
The temperature of the magnetocaloric material decreases with 
adiabatic demagnetization, where the change in isothermal entropy (∆Sm) 
shows a negative sign. Generally, normal magnetocaloric effect occurs at PM 
to FM transitions, where the magnetic entropy decreases with applied 
magnetic fields, i.e., ∆Sm = Sm(H) - Sm(0) is negative.  
 
 
Figure 1.10: Schematic diagram of magnetic entropy change-∆Sm versus T, (a) 
Normal-MCE (-∆Sm is positive) and (b) Inverse-MCE (-∆Sm is negative).   
 
1.2.4.2. Inverse magnetocaloric effect (IMCE)  
 
The temperature of the magnetocaloric material decreases with 
adiabatic magnetization rather than removing it, where the change in 
isothermal entropy (∆Sm) shows a positive sign. Apparently, intermetallic 
compounds and martensitic phase transitions of Heusler alloys (i.e., at 
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structural transitions) show inverse MCE. Inverse-MCE also occurs at PM to 
AFM and FM to AFM magnetic phase transitions, where the magnetic spin 
entropy increases with external magnetic field, (i.e., ∆Sm = Sm(H) - Sm(0)  is 
positive). The combination of inverse MCE and normal MCE materials helps 
to increase the refrigeration capacity, where these inverse MCE materials are 
used as heat sinks.
 42,43,44
  
The magnetocaloric properties of divalent and monovalent hole doped 
La based manganites have been studied widely by several authors. The 
magnetocaloric properties are not remarkable when compared to Gd and Gd 
based alloys. However, the hole doped manganites have shown very 
interesting properties such as tuning of the Curie temperature for a wide 
temperature range with controlled hole doping content and the moderate value 
of change in magnetic entropy. Because of these attractive properties, these 
materials are potential candidates for room temperature magnetic refrigeration. 
The refrigeration capacity or the operating temperature range of a magnetic 
refrigeration system can be widened by a suitable combination of 
magnetocaloric materials of varying Curie temperature compounds. The near 
room temperature magnetocaloric materials with magnetic entropy change (-
∆Sm) and adiabatic temperature change (∆Tad) are listed below in Table 1.2.  




















Gd5(Si1.985Ge1.985Ga0.03)2 290 5  ~15 
47
 






























294 1.5 1.22  52 
La2/3(Ca0.75Sr0.25)1/3MnO3 300 1 1.8  
53 






















































Pr0.65Sr0.35MnO3 295 1 2 1.2 
62 
La0.63Nd0.07Ba0.3MnO3 307 1 1.59  
63 
La1-xKxMnO3 
x = 0.1 
x = 0.15 
x = 0.175 
La1-xAgxMnO3 
x = 0.1 
x = 0.15 

































x = 0.075 
x = 0.1 
x = 0.165 






















Table 1.2: Magnetic entropy change (-∆Sm) and adiabatic temperature change 
(∆Tad) for known compounds around room temperature. 
 
1.2.5. Magnetic phase transitions 
Thermodynamically, phase transitions are categorized into first-order 
and second-order, where the first and second order derivatives of free energy 
are discontinuous. Magnetization (M) is an order parameter for the magnetic 
materials, since it can distinguish both the magnetic and non-magnetic phases. 
The magnetic phase transition from paramagnetic to ferromagnetic state is also 
characterized as either a first order or a second order transition, based on the 
presence and absence of both thermal hysteresis and latent heat, respectively. 
Generally, the first order magnetic phase transition involves a sharp 
transition in magnetization, latent heat evolution and associated thermal 
hysteresis. The first order magnetic phase transition compounds show a large 
change in magnetic entropy due to sharp magnetic transitions. However, care 
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measuring magnetization isotherms due to the presence of discontinuity in the 
first derivative of magnetization and the field-induced step-like meta-magnetic 
transitions in magnetization curves.
69
  
Earlier, the colossal magnetocaloric effect was reported, -∆Sm = 267 





 respectively.  ‘-∆Sm’ was estimated using the entropy 
change equation derived from the Maxwell’s relation. They found and 
reported much higher values than they expected based on theoretical values. 
Theoretically, the maximum possible magnetic entropy change for free 
magnetic ions is given by:- 
−∆𝑆𝑚
𝑚𝑎𝑥 = 𝑅𝑙𝑛(2𝐽 + 1) 
where, J is the angular moment of free ions, and R is the universal gas 
constant.  






75show large ‘spike’ 
and plateau behaviours. These behaviours are attributed to the artefact, due to 
incorrect application of the Maxwell’s equation; this equation should not be 
used in the vicinity of a first order magnetic phase transition with the presence 
of paramagnetic phases in the ferromagnetic phase.
76
 This discrepancy of -∆Sm 
values and the spurious results suggest that the entropy equation, which is 
derived from the Maxwell’s relation is not suitable for first order magnetic 
phase transition materials. The entropy change from the Maxwell’s equation is 
directly proportional to (
𝜕𝑀
𝜕𝑇
) and it is valid only when (
𝜕𝑀
𝜕𝑇
) is finite, whereas 
in the first order magnetic phase transitions, the (
𝜕𝑀
𝜕𝑇
)  can be infinite. 
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Therefore, the Maxwell’s equation may not be suitable for calculating entropy 
change under a first order magnetic phase transition.   
In order to minimize the errors and spike behaviour when calculating 
the entropy change through the Maxwell’s equation, Liu et al. proposed to 
calculating the entropy, ∆𝑆𝑚[(𝑇1 + 𝑇2)/2] = Σ1/(𝑇1 − 𝑇2), by estimating the 
area of the paramagnetic phase (𝛴1 ) from the isotherms of magnetization 
curves, near TC at T1 and T2.
77
 Although, the observed spike behaviour was 
reduced, they found a larger value of entropy change than the theoretically 
expected values. The proposed method involved complexity in measuring the 
area of a paramagnetic phase and is not suitable when the stepwise behaviour 
in magnetization is absent.   
  To find an accurate value of entropy change in a first order transition 
with large thermal hysteresis, the experimental procedures are very important. 
Generally, first order transition compounds are associated with very large 
thermal and magnetic hysteresis. L. Caron et al. proposed the “loop process” 
method for measuring the isothermal magnetization curves around TC. In this 
process, the isotherms of field dependent magnetization are measured at 
successive temperatures with temperature intervals of ∆T on a zero field 
cooled (ZFC) sample. The sample is taken from a temperature 𝑇 ≫ 𝑇𝑐  to a 
measured temperature before every isotherm.
78
 Then Maxwell’s equation is 
used to calculate the change in magnetic entropy.  In the case of second order 
magnetic transitions, there are no jumps in the entropy change, due to the 
continuous first order derivative of magnetization and the lack of latent heat 
involved in the phase transition.  
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1.2.6. Magnetocaloric effect driven by the structural transitions 
Generally, magnetocaloric effect estimates the spin entropy change in 
the magnetic material due to magnetic phase transitions. The magnetic phase 
transitions in some magnetic compounds are associated with magneto-
structural and magneto-elastic transitions, which involve changes in the 
magnetic and lattice entropy. The sign change of the lattice entropy may be 
similar or dissimilar to the magnetic change in entropy. The structural 
transition in Heusler alloys decreases the magnetization and shows the positive 
sign change in magnetic entropy (inverse-MCE); most of the structural 
transitions show inverse-MCE. A giant magnetocaloric effect has been 
reported along with structural transitions in thin films, Heusler alloys, and 
manganites. Thus, MCE can be enhanced by proper tuning of composition to 
combine both structural and magnetic transitions.
79
  
1.2.7. Universal master curve of MCE 
Magnetocaloric studies are also useful for the study and 
characterization of magnetic phase transitions. The change in magnetic 
entropy is directly proportional to the rate of change in magnetization with 
respect to temperature. Therefore, any change in the magnetization directly 
affects the behaviour of entropy change. In the previous section, we have 
discussed first and second order magnetic phase transitions through Arrott plot 
analysis and the Banerjee criteria.  
Recently, Franco et al., proposed a new criterion for identifying the 
order of magnetic transition, based on the rescaling of ∆Sm versus T curves. 




) curves for different magnetic fields collapse to a single master 
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curve for second order magnetic transition (SOMT)
80,81,82 
where, Tp and Tr are 
temperatures corresponding to the maximum magnetic entropy change (∆Smax) 
and half of the maximum value (∆Smax/2).  However, ∆Sm versus T curves do 












Figure 1.11: List of publications and citations in each year on MCE. 
 
The emergence and importance of research on magnetocaloric 
materials is reflected in the growth rate of publications and the high number of 
citations they have received, shown in figures 1.11(a) and (b), respectively 
(Source: ISI Web of Science). Recently, General Electric (GE) global research 
announced a prototype of room temperature magnetic refrigeration with 
nickel-manganese alloy magnets used as a working material. This is one of the 
breakthroughs in magnetic refrigeration research near room temperature. The 
magnetocaloric studies of magnetic materials have also gathered a huge 
interest in heat generation,
84
 recovery and power generation processes.
85, 86 






1.2.8. Important features of manganites for magnetic refrigeration 
 
1. These perovskite magnetic oxides are chemically stable, robust, and 
low in cost.   
2. The high resistivity of hole doped manganites avoid eddy current 
losses.  
3. Manganites provide reversible MCE. The change in magnitude of 
adiabatic temperature is same in magnetization and demagnetization 
with negligible magnetic hysteresis losses which are desirable for 
efficient magnetic refrigeration.  
4. The ∆Sm peak temperature can be easily tuned for a wide temperature 
range from 100 to 400 K, through hole doping content. The 
combination of several magnetocaloric materials with successive Curie 
temperatures provide very large refrigeration capacity and entitle them 
to be used over a wide temperature range.
87
 
5. The combination of structural and magnetic transitions are found in 
hole doped manganites, which are unusual and enhance the entropy 
change. 
6. Coexistence of multiple magnetic transitions such as magneto-
structural, magneto-elastic, structural, ferromagnetic and 
antiferromagnetic transitions in manganites shows both normal and 





1.3. Thermoelectric power 
Thermoelectric power or thermopower refers to the creation of electric 
potential (∆V) in a material that is subjected to a temperature difference (∆T) 
between its two ends. This effect was discovered by Thomas Johan Seebeck in 
1821. The quantity 𝛼 = (∆𝑉/∇𝑇)𝐽𝐶=0 is called the thermopower or Seebeck 
coefficient.  The creation of electrical potential is caused by the flow of 
charges from the hot side to the cold side; ∆V is measured in an open circuit 
condition, i.e. no current flow in the circuit. The reverse effect, the creation of 
a temperature difference due to applied electric voltage is called the Peltier 
effect. This effect is pronounced in junctions made of two dissimilar materials. 
The Peltier effect is used in commercial battery operated picnic coolers and 






                            Figure 1.12:  Schematic diagram of the Seebeck effect. 
  
According to Boltzmann the current density (JC) due to flow of charge 
carriers and thermal current density (Jq) can be expressed as a linear 
combination of electric field (−∇𝑉) and temperature gradient (−∇𝑇) by the 
following dynamic equations:  
𝐽𝐶 = 𝜎 (−∇𝑉) + 𝜎𝛼(−∇𝑇) 













where, σ is the electrical conductivity, α is the thermopower, and κ is the 
thermal conductivity.  
In steady state JC = 0. Therefore, 
𝛼 ∇𝑇 = −∆𝑉 
𝛼 = ( −∆𝑉/∇𝑇)𝐽𝐶 =0 
In the absence of temperature gradient (−∇𝑇 = 0), 
𝐽𝐶 = 𝜎 (−∇𝑉) 
𝐽𝑞 = 𝜎𝛼𝑇 (−∇𝑉) 









From the above equation the thermopower is proportional to entropy 
per charge when the scattering times for JC and q are same. In other words, 
thermopower is a good measure for the entropy of charge carriers. Generally, 
thermopower is represented in ‘µV/K’ units.  
 























The efficiency of the thermoelectric materials is mainly characterized 
by three inter-related physical parameters, the Seebeck coefficient (α), 
electrical conductivity (σ), and thermal conductivity (κ). The performance 
factor or figure of merit (Z) of a thermoelectric material is defined as Z = 
α2σ/κ. Generally, the Z is represented in terms of a dimensionless quantity, ZT 
= (α2σ/κ)T, where T is absolute temperature. The magnitude of ZT signifies the 
efficiency of thermoelectric material and a value of ZT ≥ 1 is preferred for 
practical applications. To maximize the ZT, a material with a large Seebeck 
coefficient (α), high electrical conductivity (σ), and low thermal conductivity 
(κ) is preferred. However, these three parameters are related to each other 
through the charge carrier concentration and strongly depend on the crystal 
structure, electronic structure and carrier concentration.90  An increase in the 
carrier concentration leads to a decrease in the electrical resistivity; however, 
it increases the thermal conductivity and lowers the thermopower.  





This implies that the materials have to be semiconductors, which corresponds 






Figure 1.14: ZT as a function of carrier concentration. (Adapted from Ref. 91) 
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1.3.1. Conventional thermoelectric materials  
To date, very few inter-metallic and semiconductor materials have 
been investigated with high ZT values. The ZT of a particular material varies 
with temperature; thus, these thermoelectric materials are suitable for use at a 
specified temperature range. For example, Chalcogenides such as Bi2Te3, 
PbTe, Si1-xGex,
92 and Skutterudites93 are well known thermoelectric materials. 
Bi2Te3 and Si1-xGex thermoelectric materials are very useful near room 
temperature and very high temperature applications, respectively. The toxicity, 
scarcity and high cost of these materials hinder large scale commercialized 
applications.                
 
Figure 1.15: ZT value of known thermoelectric materials. (Adapted from Ref. 91) 












where, n is the carrier concentration, h is Plank’s constant, kB is the 
Boltzmann constant and m
*
 is effective mass. Low carrier concentration 
materials such as insulators and semiconductors have large Seebeck 
coefficients, yet they exhibit low electrical conductivity (σ = neµ). From the 
above equation, the thermopower increases with increasing effective mass. 
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But the increase in m
*
 causes a decrease in the mobility of the carriers which 
in turn decreases the electrical conductivity.   
In order to improve ZT, we need to decrease thermal conductivity (κ). 
This can be done through enhancing the phonon scattering without decreasing 
the electrical conductivity. According to the Wiedemann-Franz law, the 
thermal conductivity due to the charge carriers is given by: 
 𝜅𝑒 = 𝐿𝜎𝑇 = 𝑛𝑒𝜇𝐿𝑇 
where, L is the Lorentz factor and 𝐿 = 2.4 × 10−8𝐽2𝐾−2𝐶−2 for free 
electrons.  
The total thermal conductivity can be written as the summation of electrical 
and lattice thermal conductivities. It is given by: 
𝜅 =  𝜅𝑒 + 𝜅𝑙 
Researchers have investigated phonon-glass electron-crystal materials 
through site alloying where the iso-electronic elements preserve the crystalline 
electronic structure and disrupt the phonon path to reduce the thermal 
conductivity. 94  The complex nanostructured thin films and wires greatly 
enhance the ZT by increasing the phonon scattering, where the increase in the 
phonon scattering decreases the thermal conductivity.95 The figure of merit is 
also increased by the super-lattice structures.96
,97 The embedded quantum dots 





1.3.2. Thermopower in magnetic-nanostructures 
Thermoelectric and magneto-thermoelectric effects in magnetic 
nanostructure materials are observed and are called “spin-caloritronics”, 
which gather great attention from researchers who are trying to find the 
relationship between thermal, spin and electrical transport. The thermal and 
physical properties of these spin-caloritronic materials can be controlled and 
manipulated by the spin currents. 99  There are several nanostructure spin-
caloritronic devices such as ferromagnetic-insulator-ferromagnetic tunnel 
junctions,100
,101 layered structure devices and patterned devices that are very 
familiar with spin dependent conductivity. These spintronic devices have 
shown giant magnetothermopower and spin controlled thermal transport 
properties. These unusual discoveries open new challenges for researchers 
who seek to deeply understand the interactions between spin, charge, and 
thermal transport properties.  
1. Magneto-Seebeck effect: 
Magneto Seebeck effect is observed in the layered structure, where two 
ferromagnetic layers are separated by an insulating layer. The temperature 
gradient along this sand-wiched ferromagnet/insulator/ferromagnet causes a 
thermopower voltage which relatively depends on the spin alignment of the 
two ferromagnetic layers.102
,103,104 




where, αP and αAP are Seebeck coefficients for parallel and antiparallel 
magnetization. The magnitude of the magnetic Seebeck effect depends on the 
difference in the thermopower of parallel and anti-parallel orientations of 
ferromagnetic layers.  
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In the case of bulk materials the magnetothermopower (MTEP) is defined as: 
𝑀𝑇𝐸𝑃(%) =  
𝛼 (𝐻) − 𝛼(0)
𝛼(0)
× 100 
where α(H) and α (0) are the Seebeck coefficient in the presence and absence 
of an external magnetic field, respectively. 
2. Spin Seebeck effect:  
The Spin Seebeck Effect is referred as the generation of spin voltage due 
to temperature gradient across the material. This spin voltage injects the spin 
current across a non-magnetic metal junction (Pt). The Inverse Spin Hall 
Effect converts the injected spin currents into a transverse electric voltage. 
Generation of electric voltage through the inverse Spin Hall Effect is observed 
in magnetic metals, magnetic semiconductors (Ga1-xMnxAs),
105 and magnetic 
insulators;
 106 Giant Spin Seebeck effect is also observed in a non-magnetic 
material InSb.107 These experimental results opened new branch of physics 
called “spincaloritronics”, the interaction of spin current with heat current is 
studied. This Spin Seebeck effect in magnetic materials is promising for the 
development of new spin based devices for energy harvesting.  
1.3.3. Thermopower in oxide materials 
Oxide materials are thermally stable, robust, non-toxic, cheap, easily 
synthesizable and suitable for operating at very high temperatures. Generally, 
oxides have very poor thermoelectric performance due to a localization of 
charge carriers that causes low carrier mobility, low electrical conductivity 
and high lattice thermal conductivity. Hence, oxides were traditionally not 
considered prospective thermoelectric materials.  
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However, the recent discovery of a large Seebeck coefficient in some 
transition metal oxides rejuvenated thermoelectric properties of transition 
metal oxides. What is surprising is the coexistence of large thermopower and 
high carrier concentration. For example, layered NaxCo2O4 shows α = 100 




.108 The power factor of this compound is comparable 
to the semiconducting Bi2Te3;  ZT reaches around 800K in this compound. 
The spin and orbital degeneracy can enhance the thermopower in these 
strongly electron correlated materials. 109




 are in low spin 
















cations, respectively and x is the Co
4+
 cation concentration. The high 
thermopower in these oxide systems is attributed to the spin-induced entropy 
of the hopping carriers.112   
1.3.4. Thermopower in Perovskite (ABO3) Oxides 
The doped perovskite structure (ABO3) oxide magnetic materials 
renewed interest in studying the thermoelectric oxide materials; namely, 
titanates (A1-xLnxTiO3),
113 , 114 , 115  cobaltites (Ln1-xAxCoO3),
116  and manganites 
(Ln1-xAxMnO3)
117 as they exhibit large thermopower.  
Thermopower can provide information about the charge of the 
majority of carriers, the change in band structure, and the electron scattering 
mechanisms. It can be used to determine the carrier concentration and it is an 
important alternative technique for the Hall effect. It is used to estimate the 
carrier concentration from the Heikes formula118
, 119 to interpret the type of 
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conduction mechanism;120 to find the phase transitions;121 and to find the drift 
mobility of charge carriers, where the mobility of charge carriers is small and 
it is difficult to perform Hall effect measurements. 
The temperature dependence of thermopower also enables the 
determination of the Fermi energy (EF), which is governed by either hole or 
electron charge carriers and is determined by the following relation:  
EF = eαT – AkT    
where,  A is a term connected with kinetic energy of the charge carrier 
and the e- charge of the carrier, α- is the thermopower, k- is the Boltzmann 
constant (86 µeV) and T is the absolute temperature. The activation energies 
(Eα = 2 EF (0)) calculated from the Fermi energies at absolute zero (EF (0)) are 
in close agreement with the activation energies determined by the α(T) 
curves.109 
1.3.5 Thermopower in hole and electron doped manganites 
 
The structural, magnetic, electrical and thermoelectric studies of large 
bandwidth La1-xAxMnO3 manganites have been reported widely with Sr and 
Ca divalent doping. These hole doped La-based manganites have shown small 





Figure 1.16: Thermopower of La1-xSrxMnO3 single crystal as a function of 
temperature. (Adapted from Ref. 235) 
 
The charge carrier density and the eg-electron band width increases in 
La1-xSrxMnO3 manganites with increasing Sr content. The temperature 




) < 0) down to a measurable temperature range for 
x ≤ 0.1, insulator to metal transition (IMT) for x ≤ 0.25 and metallic behaviour 
throughout the temperature range for high Sr content while lowering the 
temperature 
 




The thermopower is positive for LaMnO3 at room temperature and the 
magnitude decreases with increasing Sr content for x < 0.2 and becomes 
negative with further increases in Sr. The temperature dependence of the 
thermopower (α(T)) of La1-xSrxMnO3 show a positive value for x < 0.2. The 
cross over behaviour is found for x = 0.2 and 0.3 and becomes negative for a 
whole measured temperature range for x ≥ 0.4. The high temperature electrical 
and thermal transport properties in the paramagnetic region, support an 
adiabatic small polaron hopping mechanism.122
, 123, 124, 125   
The temperature dependence of the thermopower (α(T)) of La1-
xCaxMnO3 increases with lowering temperature and α(T) shows a peak slightly 
above TC for 0.18 ≤ x ≤ 0.25 in positive thermopower and shows a sharp slope 
change near TC for x ≥ 0.33 in the negative thermopower. The onset of IMT in 
resistivity and the dramatic change in thermopower near TC is attributed to 
delocalization of carriers by long-range magnetic ordering in the 
ferromagnetic state. Temperature dependence of both resistivity and 
thermopower above TC for La1-xCaxMnO3 manganites are described by the 
adiabatic small polaron hopping transport mechanism.126
, 127 
 
           









Similar to band narrowing, the thermopower increases with Y doping 
in (La1-xYx)0.67Ca0.33MnO3.
128
 The increase in the magnitude of resistivity and 
thermopower is interpreted as a result of reduced carrier mobility, which is 
due to the narrowing eg electron band width of the system. The magnetization 
studies in this series show inhomogeneous magnetic phases for x = 0.04 and 
0.05.  
Figure 1.19: Thermopower of Y doped La0.67Ca0.33MnO3 series. (Adapted from 
Ref.- 128). 
The temperature dependence of thermopower for all samples increase 
with decreasing temperature and show a peak. The magnitude of TEP at 300 K 
decreases and becomes negative as the Ca content is varied. The thermopower 
peaks are broadened for magnetically inhomogeneous samples 0.04 ≤ x ≤ 0.05 
and the magnitude of thermopower decreases with an increase in Ca. When 
increasing x, the peak in thermopower becomes less pronounced and the 
shapes of the curves evolve as x increases from strongly dependent to less 
dependent. Surprisingly, the thermopower of ferromagnetic insulating samples 
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x = 0 and 0.04 becomes very small and temperature independent in the 
ferromagnetic state.  
The insulator to metal transition and the nature of electrical resistivity 
of these hole doped manganites are very sensitive grain boundaries of the 
system, whereas, the thermopower is less sensitive.129 The lack of effectiveness 
of the grain boundaries on the thermopower causes a sharper transition than 
the insulator-metal transition, where the insulator-metal transition takes place 
for a wide temperature range. Mainly, thermopower depends on the carrier 
concentration, whereas the resistivity depends on the carrier concentration and 
is influenced by structural distortion in the system. In addition, thermopower 
is very sensitive to carrier type. The negative sign of the thermopower 
indicates the electron like character and the positive sign of the thermopower 
indicates the hole-like behaviour. Therefore, the thermal transport properties 
are considered more complementary for resistivity measurements. The sign 
change in the thermopower is due to the temperature variation, which reflects 
how the evolution of the spin polarization changes the electronic nature of the 
charge carriers. 112 
A change in the sign of the thermopower in the paramagnetic regime, 
i.e. the cross over behaviour (positive to negative or negative to positive), is 
found when varying the temperature or carrier concentration and while tuning 
the eg-electron band width by doping at a rare earth site with di/manovalent 
elements. The change in sign of the thermopower from positive to negative in 
the ferromagnetic metallic (FMM) state is explained through the vanishing of 
exchange interaction ‘J’ Asamitsu et al. reported that this interaction arises 
due to the excitation of t2g-electrons from a valance band to a conduction band 
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eg level and these excited electrons gain high mobility leading to a negative 
thermopower. The figure of merit ZT of manganites can be improved by the 
doping of heavy rare earth elements, which increases the strong phonon 
scattering and helps to decrease the thermal conductivity. Experimentally, the 
electron doped Ca0.9R0.1MnO3 manganites have shown a constant value of 
thermopower with a high figure of merit; ZT = 0.2 at very high temperatures in 
Dy and Yb doped Ca0.9R0.1MnO3. 
Generally, the temperature dependence of resistivity in crystalline 
semiconductor materials is expressed as ρ ~ exp(Eρ/kT), where the activation 
energies of resistivity and thermopower are equal and a mean-free path can be 
defined. In general the electrical transport in hole doped manganites in the 
paramagnetic regime is governed either by variable range hopping (VRH) or 
by small polaron hopping (SPH) mechanisms depending on the Debye 
temperature (θD). The VRH occurs as explained by the For VRH, resistivity 




1/2 and tending to zero as 𝑇 → 0. 
In case of hole doped manganites, the conduction in the paramagnetic 
state is mainly caused by small polarons, as suggested by Millis et al.,.10 The 
charge carriers, i.e. eg-electrons or holes, move by hopping between 
neighbouring Mn-cations.130  Above θD/2 temperature, either an adiabatic or a 
non-adiabatic small polaron conduction mechanism supports the electrical 
transport.   
The electrical resistivity is expressed as: 
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𝜌 =  𝜌0𝑇𝑒𝑥𝑝(𝐸𝜌/𝑘𝐵𝑇) in adiabatic  
𝜌 =  𝜌0𝑇
3/2𝑒𝑥𝑝(𝐸𝜌/𝑘𝐵𝑇) in non-adiabatic 
where, ρ0 is the residual resistivity, Eρ is the activation energy and kB is 
the Boltzmann’s constant. In the high temperature region, i.e in the 
paramagnetic state, the dc electrical resistivity and thermoelectric power of 
these mixed valence perovskite manganites are widely described by the 
adiabatic small polaron hopping transport mechanism. 
Temperature independent thermopower in these hole doped 
manganites in the paramagnetic state, i.e. much above the TC, is explained by 
the Heikes formula.131 In an adiabatic limit with the assumption that the charge 
motion is faster than the phonon, i.e. in small polaron systems, the 
thermopower (α) can be expressed as the sum of charge (𝛼𝐶) and spin (𝛼𝑠) 
carrier terms.     
𝛼 =  𝛼𝑐 +  𝛼𝑠 
Koshibae et al. modified the Heikes formula by introducing the spin 
and orbital degrees of freedom. The thermopower at a high temperature limit 










where, gA and gB are the degeneracies of the A and B cations, 
respectively and x is the concentration of A-ions.  








where the spin S1 = 3/2 for hole (Mn
4+
) among sites (Mn
3+
) with spin 
S0 = 2, k is the Boltzmann constant, and e is the electric charge of the carrier. 
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 cations following Hund’s exchange rules.  










𝛼𝑠 = (8.6 × 10
−5)(−0.2231) 
𝛼𝑠 =  −19.2𝜇𝑉/𝐾 
The sign change in the thermopower from positive to negative and the 
small temperature independent negative thermopower in the paramagnetic 
state is not directly related to electron like transport because of the 
contribution of spin entropy to thermopower.132 The temperature independent 
thermopower is also attributed to small polaron conduction. 
Generally, the temperature dependence of thermopower α(T) is valid 
for a diffusion component and is found by the Mott’s equation in terms of the 










where, kB is Boltzmann’s constant, e-electron’s charge and σ(EF) is 
electrical conductivity at the Fermi level, and 𝜎′(𝐸𝐹) = 𝑑[𝜎(𝐸)]/𝑑𝐸.  
The charge carrier contribution at low temperature (𝑘𝑇 ≪ 𝐸𝛼) is given by: 







where, Eα is activation energy of thermoelectric power, e is the electron’s 
charge, k is the Boltzmann constant and b is a sample dependent constant that 
is related to the kinetic energy of polarons. The value of b < 1 refers to the 
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hopping conduction and is due to the small polaron hopping, while b > 2 
represents the existence of a large polaron hopping.134 
At very high temperatures (𝑘𝑇 ≫ 𝐸𝛼), 𝛼𝐶 reaches a constant value and 
becomes temperature independent. The magnitude primarily depends on the 
charge carrier concentration. This thermopower can be expressed as Heikes 
formula below:135   










where, b = ST/k is an effective entropy of the lattice which is 
temperature independent. We can neglect ST/k, because it is very small in 
small polaron hopping conduction mechanism, and c is given by n/N, where n 
is the number of carriers in the states and N is the total number of available 
states.  







In case of mixed valence manganites the above formula can be expressed as: 





















 ions on B-sites and n is 
the total number of Mn
3+
 ions: 

















The large and temperature independent thermopower in manganites at 
very high temperatures is described by the Heikes formula taking carrier 
concentration into account at a high temperature limit. The experimental 
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thermopower values are found to be lower than expected from the Heikes 
formula. Researchers have explained this discrepancy by assuming that the 
average number of eg - electrons per Mn
3+
 cation is larger than 1, this is 
attributed to partial t2g electrons of Mn
3+
 cations activated to the eg level
136 or it 
may be explained by a charge disproportion model based on the instability of 
the Mn
3+





Generally, thermopower is the energy difference between occupied and 
unoccupied lattice distorted sites. 137  The activation energy of electrical 
resistivity includes both hopping energy between neighbouring Mn-cations 
and delocalization energy of the carrier.  Thus, the activation energy of 
thermopower is smaller than the activation energy of electrical resistivity by 
an amount of WH >> Eα in polaronic transport. The large difference in 
activation energies of resistivity and thermopower is the hall-mark of a small 
polaron hopping transport mechanism. Where, WH = Eρ - Eα hopping energy 
and the polaron binding energy is Eb = 2WH = 2(Eρ - Eα). Then the mobility of 
these charge carriers is expressed as 𝜇~exp (−𝑊𝐻/𝑘𝑇).
138    
The low temperature thermopower of hole doped manganites is 
influenced by various physical processes such as diffusion, phonon-drag, and 
magnon drag effects. The temperature dependence of thermopower at low 
temperatures is described by the following polynomial equation:115 




where, 𝛼0  accounts for the problem of truncating the low temperature 
data, 𝛼1𝑇 represents the diffusion contribution, 𝛼3/2𝑇
3/2 represents the single-
magnon scattering, 𝛼3𝑇




represents the spin-wave fluctuation in the ferromagnetic phase. We have 
observed several remarkable features, which are to be discussed in detail: 
1. The behaviour of the thermopower changes dramatically at magnetic 
phase transitions.  The thermopower of LnMnO3 and for very low hole 
doped samples show positive and monotonous increase with lowering 
temperatures.  
2. The moderate hole doped ferromagnetic metallic samples show a peak 
that corresponds to the insulator-metal transition in thermopower near 
TC and becomes small in ferromagnetic metallic state. The 
thermopower becomes negative in the measured temperature range in 
high hole doped manganites, i.e. with higher Mn
4+
 cation samples.  
3. Most of these hole doped manganites followed an adiabatic small 
polaron hopping conduction mechanism at high temperatures.  
Very few researchers have attempted to study the effect of a magnetic 
field on thermoelectric power in manganites111
,118 ,127 ,139,140 and the correlations 
among magnetization, magnetoresistance and magnetothermopower. 
Theoretical and experimental investigations of thermal transport under 
magnetic fields are comparatively fewer than the electrical transport studies.  
1.4. Motivation  
The main objective of this thesis work was to investigate the 
magnetocaloric, electric and thermopower properties of selected hole doped 
manganite systems. From the literature, the hole doped PrMnO3 and NdMnO3 
have shown multifaceted properties due to the narrow band width and the 













) through their interactions with the 3d-
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electrons of Mn magnetic sub-lattices. For these hole doped manganites, 
theoretical and experimental studies on thermopower are limited. The 
electrical and thermopower properties and the effect of magnetic fields and 
magnetic phase transitions on thermopower are also scarcely studied.  
1.4.1.  Objectives and systems studied 
1: Pr1-xSrxMnO3 system:  
 
PrMnO3 is an A-type antiferromagnetic insulator with Neel 
temperature at TN = 99 K. The divalent Sr
2+
 doping at the Pr
3+
 site creates 
holes in the system (Mn
4+
), which increases the carrier concentration and eg-
electron band width. We would like to study the temperature and field 
dependent magnetic, electrical, magnetocaloric and thermo electrical 
properties of Pr1-xSrxMnO3 (0.1 ≤ x ≤ 0.54) as a function of carrier 
concentration and eg-electron band width. There are no reports on the 
systematic studies of thermopower and magnetocaloric effect as a function of 
carrier concentration in this series.  
2: Sm doped Pr1-xSrxMnO3 (x = 0.2 and 0.4) system: 
 Pr1-xSrxMnO3 for x = 0.2 and 0.4 show second order paramagnetic to 
ferromagnetic transitions. The thermopower of x = 0.2 is positive and x = 0.4 
is negative throughout measured temperatures from 350 K-10 K. The physical 
properties of hole doped manganites can also be altered through different rare 
earth cationic sizes, which can change eg-electron bandwidth. Sm cationic size 
(<rSm> = 1.132 Å) is smaller than Pr (<rPr> = 1.179 Å) cationic size, which 





 does not affect the carrier concentration in the system. It is 
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interesting to investigate the effect of Sm
+3 
doping at the Pr
3+
 site on electrical, 
magnetic, magnetocaloric and thermoelectric properties.  
3: Nd1-xNaxMnO3 (x = 0.1-0.25) system:  
NdMnO3 is an A-type antiferromagnetic insulator with Neel 
temperature at TN = 85 K. Each monovalent Na
1+
 doping at Nd
3+
 site converts 
two Mn
3+
 cations to two Mn
4+
 cations, which creates more holes than divalent 
equivalent doping in the system with less lattice distortion. The Nd based 
manganites are referred to as narrow bandwidth systems, which are more 
likely to show charge ordering transition. We would like to study the 
temperature and field dependent magnetic, electrical, magnetocaloric and 
thermoelectric properties of Nd1-xNaxMnO3 (0.1 ≤ x ≤ 0.25). There are no 
reports about magnetocaloric and magneto-thermopower properties of Na 
doped NdMnO3.  
1.5. Organisation of the thesis 
In chapter 1, a brief introduction to perovskite structure hole doped 
Mn-based oxides is discussed. Detailed literature on various phenomena 
exhibited by manganites like CMR, magnetic phase transition, magnetocaloric 
effect and thermopower properties are described. Chapter 2 briefly describes 
the sample preparation and experimental techniques used in this thesis work. 
Chapter 3 presents a detailed study of magnetic, magnetocaloric (normal and 
inverse MCE), temperature and field dependent electrical and thermopower 
properties of divalent hole doped Pr1-xSrxMnO3. Chapter 4 describes the 
magnetic, magnetocaloric, and thermoelectric properties of Sm doping Pr1-
xSrxMnO3 for x = 0.2 and 0.4, where the carrier concentration is fixed. Chapter 
5 emphasises the investigations of magnetic, electrical and thermoelectric 
 54 
 
properties of monovalent doped narrow band width manganites, Nd1-
xNaxMnO3. Finally, chapter 6 summarizes the main results of this thesis work, 




















Chapter-2:  Experimental methods and techniques 
 
In this chapter, the experimental techniques and methods for the 
preparation and characterization of the samples are discussed. The details of 
the commercial and home-built instruments that were used in this present 
work are also discussed.    
2.1. Sample preparation methods 
 
Polycrystalline single phase ceramic manganite compounds were 
prepared using conventional solid state and sol-gel methods. High purity 
(99.99 %) powders of rare earth oxides, alkali and alkali earth metal nitrates, 
chlorides and carbonates were used as precursors.  
2.1.1 Solid state method 
 
The solid state method is one of the most widely used techniques for 
preparing ceramic oxides. This process involves several steps of grinding and 
requires very high temperatures (1000-1500
◦
C) for sintering to ensure that 
solid-solid diffusion occurs, wherein thermodynamics and kinetic factors play 
an important role. The relationship between the diffusion length and the 
particle size is expressed as: 
(2𝐷𝑡)1/2 ≥ 𝐿 
where, (2𝐷𝑡)1/2 is diffusion length, D is the diffusion constant which 
depends on the reaction temperature and materials, t is the reaction (sintering) 
time and L is the typical particle size. The chemical reaction takes place when 
the diffusion length is larger than the particle size. The thorough grinding 
helps to reduce the particle size. The reduction in the particle size and high 
sintering temperature are helpful for increasing the reaction rate. Therefore, 
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high sintering temperature and long sintering times help to make single phase 
compounds. The bulk polycrystalline perovskite oxide manganites are 
generally prepared by this solid state reaction method. This method is very 
popular due to ease of synthesis and low cost. The starting materials, mostly 
metal oxides and carbonates are used in a stoichiometric ratio to prepare a 
desired compound.  
 
Figure 2.20: Schematic diagram of sample preparation in the Solid-State 
Reaction process.  
Figure 2.20 shows the schematic diagram of various steps involved in 
the solid state reaction process. Initially, starting precursors (oxides, 
carbonates, etc.,) of high purity in stoichiometric proportions were thoroughly 
mixed in agate mortar and pestle. The mixture of powder was heated slowly in 




C and sintered for 12 hours in a muffle 
resistance heating furnace. After the 1
st
 sintering finished, the mixture was 
cooled to room temperature at a rate of 5
◦
C/min. The above process was 
repeated at 1100
◦
C for 12hrs. Finally in the 3
rd
 step, the sample was ground 
and pressed into pellets using pelletizer and then sintered for a longer time 
(24hrs) at 1200
◦
C. A Techcut-4 low speed diamond cutter was used to cut the 
sintered pellets in to required dimensions and shapes for measurement of their 
magnetic, electrical and thermal transport properties after their phase is 
confirmed by XRD analysis of the powder sample.    
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2.1.2 Sol-gel method 
 
 
Figure 20.21: Schematic diagram of the various steps involved in the sol-gel 
process for preparing a crystalline phase oxide system. 
Various wet chemical methods, such as chemical reduction, co-
precipitation, hydrothermal and sol-gel methods have been used for preparing 
the bulk and nano-structure oxide materials. 141
, 142  Wet chemical methods 
generally result in more homogeneity than the solid state reaction method 
because of mixing at the atomic levels. There are several advantages to using 
wet chemical methods to prepare nano-structure and bulk materials, such as a 
high degree of homogeneity in yields, homogeneous composition at low 
sintering temperatures, cost effectiveness, uniform size distribution and mono-
dispersive particles. Wet-chemical methods can enhance the chemical 
reactions between constituent ions and help to form single phase compounds 
at much lower temperatures than at conventional sintering temperatures. The 
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sol-gel method has a unique advantage when preparing these mixed manganite 
oxide systems at lower temperatures and it became an alternative technique to 
the conventional solid state method for these ceramic oxides. Figure 2.21 
shows the schematic steps involved in the sol-gel synthesis process of a 
manganite sample. The method was used to prepare Nd1-xNaxMnO3 samples. 
Different types of metal precursors are commonly used as starting 
materials in this method such as, metal-nitrates, chlorides and acetates. 
Initially, metal nitrate salts in a stoichiometric ratio are dissolved in deionized 
water to form a homogeneous solution by hydrolysis through continuous 
stirring with the help of a magnetic stirrer. The whole reaction process is 
performed in an acidic medium by adding a strong acid to a homogeneous 
solution. After the formation of a homogeneous solution, 1:2 molar ratios of 
metal nitrates and polymeric acids (ethylene glycol, citric acid) are used to add 
and maintain the system at 50
◦
C for polymerization lasting 8 to 12 hrs. When 
the temperature of the system increases slowly to 100
◦
C, a gel-like diphasic 
system is formed.  This gel-solution can be used to make films by a spin 
coating process. Further, a rise in temperature causes the rapid evaporation of 
solvents in the system and becomes dry, which is called xerogel formation 
(xero means dry). Usually, decomposition and/or combustion occurs while the 




C, forming an 
amorphous black porous oxide powder. This powder is further sintered at a 
high temperature ~700
◦
C to remove the organic residues and to increase the 
crystalline growth. The grain size of the crystalline powder strongly depends 
on the sintering temperature and reaction time. Therefore, the dimensionality 
of nanostructures can be controlled through the reaction temperature and time.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
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2.2. Sample characterization 
2.2.1 Structural and phase characterization: X-ray powder diffraction 
technique  
 
Figure 2.22: Diffraction of X-rays by the Crystal planes.  
The X-ray powder diffraction technique is one of the powerful non-
destructive analytical techniques used to reveal the crystallographic structure, 
crystalline phase, grain size, chemical composition and physical properties of 
the sample. Generally, the crystalline structure can be represented as a regular 
arrangement of atoms/basis in three dimensions. Figure 2.3 shows the 
diffraction of X-rays by the crystal planes according to Bragg’s law.                                  
The incident X-rays on the system are diffracted by crystalline planes, 
since the wavelengths of X-rays are very close to the space between the lattice 
planes, in the order of a few angstroms (Å). The principle of Bragg’s law of 
diffraction states that the constructive interference of diffracted rays occurs 
when the path difference is equal to the integer multiple of the incident X-rays 
wavelength: 
𝟐𝒅𝒔𝒊𝒏𝜽 = 𝒏𝝀 
where, d is the distance between the crystal lattice planes, λ- is the 
wavelength of the incident X-ray beam, n- is the order of diffraction (integer) 
and θ - is the glancing angle between the incident X-ray and the crystal lattice 
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planes. The interference pattern of these diffracted waves is either constructive 
or destructive depending on the path difference between the two diffracted 
rays that either do or do not differ by an integral number of wavelengths, 
respectively. In this present study, the powder X-ray diffraction patterns were 
collected by a  Philips X’PERT MPD X-ray diffractometer with Cu Kα 
radiation (λ= 1.542Å) at room temperature. We have studied the XRD patterns 
from 2θ = 20◦ to 90◦ with slow scan rates and small steps. The main crystalline 
phase, crystalline lattice parameters and crystal unit cell volumes are 
determined by the Rietveld refinement method. TOPAS software version 3.1 
is used to refine the structure and structural parameters.  
2.3 DC-Magnetic measurements  
 
2.3.1 VSM (Vibrating Sample Magnetometer) 
 
Figure 2.23: Physical Property Measurement System (PPMS) equipped with a 
Vibrating Sample Magnetometer (VSM) Head.  
The temperature and field dependent magnetization (M(T) and M(H)) 
under different magnetic fields and at different temperatures were measured 
using a vibrating sample magnetometer (VSM) measurement system equipped 
with a physical property measurement system (PPMS) supplied by Quantum 
design Inc. U.S.A. The PPMS was equipped with a superconducting magnet 
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that provides magnetic fields of up to µ0H= +/-7T; it also provides a well-
controlled temperature within the range of 400 K to 2 K. The Quantum design 
PPMS is designed to perform a variety of automated measurements with 
variable temperatures and fields. This system is able to resolve magnetization 
changes in the order of 10
-6
 emu. Figure 2.23 shows the photograph of a 
PPMS with a VSM head.  
According to Faraday’s law of induction, the induced electro motive 
force (e.m.f.)/voltage is given by the rate of change of magnetic flux:   









The VSM linear motor transport head uses a linear motor to vibrate the 
sample sinusoidally at 40Hz with a completely automated DC magnetometer 
and self-adjusted centering operations. The magnetization measurement is 
accomplished by oscillating the sample near a detection (gradiometer pickup) 
coil and synchronously detecting the voltage induced from the pickup coils 
based on Faraday’s law of induction. The voltage induced by the picking coil 
is given by: 𝑉𝑒𝑚𝑓 = 2𝜋𝑓𝐶𝑚𝐴 𝑆𝑖𝑛(2𝜋𝑓𝑡)  
This induced voltage due to time varying magnetic flux is amplified 
and lock-in detected in the VSM detection module. Quantum Design provides 
an interface MultiVu software for control over temperature, magnetic field and 
data acquisition and automation of the complete process.  
The MCE is estimated through an indirect method using M-H 
isotherms by Maxwell’s equation: 











By numerical approximation, when the isotherms of magnetization are 
done at very close temperature intervals:   
∆𝑆𝑚 (𝑇, ∆𝐻) = ∑




The critical exponents of magnetic phase transition are also estimated 
from the M-H isotherms using Arrott plot (M
2
 versus H/M) analysis. 
2.4 Electrical and thermal transport  
 
2.4.1 DC-electrical resistivity 
 
 The hole doped manganites have several interesting electrical 
properties such as insulator to metal transitions, semiconducting, 
ferromagnetic insulating and ferromagnetic metallic characteristics. We have 
measured the temperature and magnetic field dependence of dc-electrical 
resistivity in four probe configuration using an inbuilt dc-resistivity 
measurement of PPMS. The inbuilt functions and MultiVu software in PPMS 
control the temperature, magnetic fields and data automation according to user 
commands. Figure 2.24 shows the schematic diagram of a four-probe 
resistance measurement.   
 
Figure 2.24: A schematic diagram of four probe resistivity measurement of a 
sample.   
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The resistivity measurement was carried out on rectangular shape 
sample. The resistance (R) of the sample was measured using Ohm’s law, 𝑅 =
𝑉/𝐼, where I is the current passed through the two outer probes and V is the 
measured voltage across the two inner probes. Then the resistivity (ρ) was 




where l is the channel length; the length between the two voltage probes and A 
is the area of cross-section, 𝐴𝑟𝑒𝑎 = 𝑤𝑖𝑑𝑡ℎ × 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠, 𝐴 = 𝑤 × 𝑡.  
2.4.2 Thermopower 
 
2.4.2.1 Experimental set-up of thermopower 
The temperature and magnetic field dependence of both electrical 
resistivity (ρ) and thermopower (α) were simultaneously measured using a 
homemade set-up, which was integrated with the PPMS.  The measurements 
were carried out for a wide temperature range from 350 K -10 K (400 K -10 K 
in some cases) and for the fields +/-7T. The thermopower (α = ∆V/∆T) was 
calculated by creating a temperature gradient (∆T) and measuring the 
thermoelectric voltage developed (∆V) across the rectangular shaped sample. 
The schematic diagram of thermopower measurement in a bridge arrangement 







Figure 2.25: (a) A schematic diagram of the thermopower measurement set-up. 
(b) The homemade setup for the simultaneous measurement of thermopower 
and resistivity on the PPMS puck.  
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 The PPMS puck was used as a thermal stage and two rectangular 
copper blocks were attached through electrical insulation using kapton tape on 
which the sample’s two ends were attached by silver paste as a bridge with no 
electrical short. The temperature gradient was created (∆𝑇~1𝐾) across the 
sample by passing the limited current (70 mA) from a Keithley 6221 current 
source to one of the chip resistors of 22 Ω, which were attached to the copper 
blocks. The ‘∆T’ was measured from the Chromel-Constantan (type E) 
thermocouple which was attached at the two ends of the sample in a 
differential configuration.  
Two Keithlely 2182 A nano-voltmeters were used to measure the 
thermoelectric voltage (∆V) developed from the temperature gradient and 
thermocouple voltage, which was converted to temperature (∆T) using a 
thermocouple voltage table provided by the National Institute of Standards and 
Technology (NIST). The spurious and offset voltages of the measuring circuit 
were eliminated by reversing the temperature gradient and averaging the 
recorded voltages. The temperature gradient was reversed across the sample 
by altering the current to one of the chip resistors. Simultaneously, the dc 
electrical resistivity was measured in four-probe configuration after each 
thermopower measurement. A known amount of dc current was passed across 
two ends of the sample through thermal voltage leads and the dc electrical 
voltage developed across the two middle dc voltage probes was measured 
using a Keithley 2700 digital multi meter (DMM). 
The measurement and data acquisition were carried out using National 
instrument LabView software program. According to the thermopower set-up 
 65 
 
configuration, the applied external magnetic field is perpendicular to the 
temperature gradient of the sample.   
2.4.2.2 Stabilization of base temperature in temperature and field sweeps 
2.4.2.2.1. Temperature sweep under fixed fields:  
The base temperature of the set-up, i.e. the puck temperature is 
controlled through the PPMS sample space temperature. A sufficient amount 
of time elapsed (~2 min) before measurements were taken, at each successive 
temperature to stabilize the base temperature and complete the temperature 
sweep measurements with very slow scan speeds of 3K/min.  
2.4.2.2.2. Isothermal magnetic sweeps 
Magnetic compounds may undergo field induced meta-magnetic 
transitions which involve latent heat. The continuous field sweeps caused an 
increase/decrease in the sample temperature. In order to maintain the known 
temperature gradient across the material and stabilize the base temperature, 
sufficient time was given while holding the field at constant value before 
carrying the measurement at each successive field.  
2.4.2.3 Average thermopower 
The thermopower was measured twice at each step by altering the 
temperature gradient form left to right and right to left. The temperature 
gradient direction was altered by passing the current to one of the chip 
resistors. The average value of thermopower was measured in these two 
processes at each successive point. The temperature step size (1K – 5 K) and 
field (2000 Oe – 5000Oe) that were chosen depended on the requirement and 
importance of the critical regions.  
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2.4.2.4 Possible sources of errors and precautions 
 
1. Errors in ∆T measurement: The real temperature gradient across the 
material and measured values may differ. The thermocouple junctions 
were attached on the ends of the two copper blocks and measured the ∆T. 
To minimize error, good thermal contact between the sample and copper 
blocks is required and the sample must be attached carefully to the copper 
blocks near thermo-couple solder leads, with electric insulation.  
2. Thickness of the sample: Theoretically the value of thermopower does 
not depend on the shape and size of the sample. However, experimentally 
some practical errors may occur and affect the actual value of 
thermopower due to improper isolation and applied temperature gradients. 
The sample ends were attached on the two copper blocks and the 
temperature gradient across the sample was obtained by maintaining the 
temperature difference between the copper blocks. Heat flow to the sample 
only occurred through thermal contact between the sample and copper 
blocks. The area of the contact and thermal conductivity of the sample 
play an important role in the heat distribution across the sample. To 
minimize the error, it is better to use thinner (1-2 mm) samples and to have 







2.4.2.5 Thermopower set-up calibration 
 
 
Figure 2.26: The temperature dependence of the thermopower of gold wire.  
The thermopower set-up was calibrated with standard samples. The 
thermopower of several standard samples was measured and compared to the 
reported literature values. Thermopower measurement was performed on a 
gold wire with a thickness of 25µm. The measured temperature dependent 
thermopower value of gold wire was well matched with the reported value.143 
2.5 AC-transport measurements 
 
Similar to dc electrical resistivity measurement, the rectangular shape 
sample was used for ac transport. Figure 2.27(a) and (b) show a schematic 
diagram of sample connections and a PPMS multifunction high frequency 
probe, respectively. The electrical impedance (Z) of the sample is performed 
in four probe configuration under zero field and magnetic fields. The 
alternating current (I(t)) through the sample was passed by the outer leads and 







Figure 2.27: (a) Schematic diagram of impedance measurement in four probe 
configuration and (b) The PPMS multifunctional probe with high frequency 
coaxial cables used for impedance measurements.  
 
The external magnetic field is applied along the length of the sample. 
The electrical impedance Z(t) is defined by,  𝑍(𝑡) =
𝑉(𝑡)
𝐼(𝑡)
= 𝑅 + 𝑖𝑋 where, R is 
the ac resistance and X is the reactance. Agilent 4285A and 4294A LCR 
meters are used for ac impedance measurements. The flow of ac current 
through the bulk sample creates an oscillating magnetic field traverse to the 
direction of the current. The reactance  𝑋 = 2𝜋𝑓𝐿 is due to the self-inductance 
of the sample which is related to the ac transverse permeability (µt) of the 
sample (L = Gµt, where G is the geometrical factor). To reveal the magnetic 
transitions more evidently and qualitatively ac transport measurements were 
done on some selected samples. In contrast to dc electrical resistivity, ac 
transport is more sensitive to grain size and grain boundaries. We rely on ac 




2.6 Differential thermal analysis (DTA) 
 
In this differential thermal analysis method, the temperature lag 
between the sample and a reference (∆T) is measured under identical 
conditions, while sweeping the temperature or magnetic field. The temperature 
difference (∆T) gives qualitative information regarding the nature of a phase 
transition in the material. First order transition results in latent heat, it results 
in exothermic and endothermic peaks corresponding to heat release and 
absorption by the sample, respectively. Since some of the samples used in this 
thesis show first order phase transitions, either as a function of temperature or 
under external magnetic field, DTA provides a simple method for studying 
such phase transitions. In particular, it is a very simple technique for 
evaluating temperature change due to magnetocaloric effect.  A schematic 
diagram of the experimental setup of the DTA is shown in Fig. 2.28. Two Pt-
1000 thermal sensors are attached to a Teflon disc which is attached to a 
PPMS puck. The sample sits on one of the Pt sensors and another Pt sensor is 
either kept empty or a perovskite with similar thermal conductivity is attached.   
 
Figure 2.28: Schematic diagram of a differential thermal analysis measurement 
assembly.     
The rate of change of the magnetic field (80 Oe/sec) was kept constant 
for all measurements in this thesis. Along with the rate of change of the 
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magnetic field, several factors affect the value and behaviour of ∆T curves 
such as thermal exchange between sample and thermal bath, high vacuum and 
direct contact with the sample. As a result, the observed value of ∆T is broad 
and is smaller than the adiabatic temperature change (∆Tad).
144  Control of 
temperature and magnetic fields in PPMS, data acquisition and automation 
was obtained using NI-LabView software. 
Generally, the magnetization of an FM material can be expressed as 
𝑀(𝐻, 𝑇) =  𝜒(𝐻, 𝑇)𝑀𝑆(𝐻, 𝑇) where, 𝜒(𝐻, 𝑇) is the volume fraction of the FM 
phase and 𝑀𝑆(𝐻, 𝑇)  is the saturation magnetization. The change in 
temperature of the sample [∆T(H)] due to field induced meta-magnetic 
transition can be expressed as: ∆𝑇 =  𝛿𝑇𝐸 − 𝛾(𝑇 − 𝑇𝑒𝑥𝑡)𝛿𝐻 









] 𝛿𝐻  is the increase in 
temperature in the isolated system, E0 is the difference of enthalpies in both 
coexisting phases, and C is the specific heat of the sample.  𝛾(𝑇 − 𝑇𝑒𝑥𝑡)𝛿𝐻 is 
a dissipated temperature due to thermal contact and a non-isolated 











Chapter 3: Magnetic, electrical, magnetocaloric and 




The magnetic, electrical, magnetocaloric, magnetoresistance and 
magnetothermopower of Pr1-xSrxMnO3 for x = 0.1, 0.2, 0.3, 0.4, 0.42, 0.44, 0.5 
and 0.54 are discussed. The temperature dependence of magnetization (M(T)) 
under µ0H = 0.1 T shows a second order paramagnetic to ferromagnetic 
transition with increasing  Curie temperature (TC) from 119 K (0.1)  to 305 K 
(0.4). The M(T) of x = 0.54 shows the first order paramagnetic (PM) to 
ferromagnetic (FM)transition at TN = 208 K. The first order structural and 
antiferromagnetic transitions are also observed at TS = 92 K and TN = 152 K 
for x = 0.4 and 0.5, respectively. We report normal and inverse magnetocaloric 
effect with large isothermal magnetic entropy (-∆Sm) and refrigeration capacity 
(RC) in Pr1-xSrxMnO3 for x = 0.1 to 0.42. The temperature dependent dc-
electrical resistivity (ρ(T)) shows ferromagnetic insulator(FMI), metal-
insulator transition (IMT) and very peculiar properties. The temperature 
dependent thermopower results under zero and non-zero magnetic fields are 
also reported. The change in the sign (cross-over) for thermopower (α(T)) is 
observed with varying Sr content and temperature. Remarkably, Pr1-xSrxMnO3 
series show very large magnetoresistance (~100%). The effects of the 
magnetic and electrical phase transitions and external magnetic fields on 
thermopower are discussed. Large magneto-thermopower (86%) is observed 
for x = 0.2 composition. The correlations among field dependence of 




The hole doped perovskite structure (ABO3) manganites, Ln1-
xSrxMnO3 (Ln is a trivalent rare earth cation and A is divalent alkaline earth 
cation) have shown very peculiar and exotic phenomena such as, colossal 
magnetoresistance,145 large magnetocaloric effect,146
, 147 ferromagnetic metallic 
(FMM) and insulating (FMI) states, charge order, phase separation etc. In 
recent years, much attention has been paid to magnetocaloric effect due to an 
efficient and environmental friendly refrigeration technology than 
conventional vapour based refrigeration. The magnetic entropy change (∆Sm) 
is dependent on the rate of change of magnetization (M) with temperature 








. Thus, the peak 
of -∆Sm occurs at the Curie temperature TC. Although, the adiabatic 
temperature change in manganites is comparatively low with first order 
magneto-structural materials, 148
, 149  manganites are very promising materials 
for magnetic refrigeration near room temperature.150 The key advantages of 
manganites are the control over TC i.e, magnetic phase transition temperature 
can be tuned anywhere between 400 to 100 K, and electrical properties 

















). The refrigeration capacity of a magnetic 
refrigeration system can be enhanced by using stack of successive TC materials 
as a working substance.3 Magnetic and electrical properties of manganites such 
as ferromagnetic metallic (FMM), ferromagnetic insulating (FMI), 
antiferromagnetic insulating (AFMI), insulator metal transition (TIM) etc., have 
been explained by double and super exchange mechanisms.151 
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 Although publications on the magnetocaloric effect in manganites is 
growing rapidly
2
, little is known about how other thermal properties such as 
thermoelectric power () and thermal conductivity (k) are affected by the 
magnetic field and the combination of the rare earth and alkaline earth ions.152, 
153  Thermopower studies under different magnetic fields and correlation of 
thermopower with resistivity and magnetization are hardly studied.154
, 155 In this 
chapter, we report the influence of magnetic field on the thermopower at Curie 
and Neel temperature, magnetothermopower (MTEP), magnetoresistance 
(MR) and correlations of thermopower with resistivity and magnetization.  
Interestingly, both first-order and second-order phase transitions occur in 
the Pr1-xSrxMnO3 series as a function of temperature or composition (x)
156, 157 
and hence it is an interesting series to investigate the influence of TC, TN and 
structural transition on ∆Sm. We investigate the temperature and magnetic field 
dependence of thermoelectric power (TEP) in Pr1-xSrxMnO3. The nature of 
magnetic phase transitions and the critical exponents associated with PM to 
FM magnetic phase transition have studied by scaling of ∆Sm as a function of 
temperature with magnetic fields and Arrott plot analysis. In addition, we 
report frequency dependent electrical transport in small dc magnetic fields 
(μ0H = 0 to 1kOe). Temperature and field dependence of four probe ac 
electrical transports in low resistivity materials were seldom studied compared 
to dielectric studies in insulating manganites.158 
3.3: Sample preparation and experimental details 
Polycrystalline samples, Pr1-xSrxMnO3 (x= 0.1 0.2, 0.3, 0.4, 0.42, 0.44, 
0.5 and 0.54) were prepared by the conventional solid state method. The 
stoichiometric quantity of high purity Pr6O11, SrCO3 and Mn3O4 powders were 
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mixed and annealed at 1000, 1100 and 1200 
°
C for 12 hrs each after 
regrinding. The final sintering of pellets was carried out at 1200 
°
C for 24 
hours. In case of x = 0.5 and 0.54 pellets were quenched from 1200 
°
C to ice 
water after final sintering. The crystalline structure and phase were analysed 
by the room temperature X-ray powder diffraction technique (Phillips X’pert 
Pro). The magnetic measurements were carried out using a Physical Property 
Measuring System, PPMS (Quantum Design Inc., USA) equipped with 
vibrating sample magnetometer (VSM). The temperature and field dependent 
dc-electrical resistivity and thermoelectric power (TEP) properties were 
simultaneously measured through a home-made setup incorporated to PPMS. 
Four probe ac electrical impedance (Z = R+iX) as a function of frequency (f = 
100 kHz-10 MHz), temperature and magnetic field was measured using an 
impedance analyser (Agilent 4294A) and PPMS. 
3.4: Results and discussions 
3.4.1: Structural characterization: X-Ray Diffraction 
Room temperature X-ray powder diffraction patterns were analysed 
using the Rietveld refinement method. Figure 3.29 shows the XRD patterns of 
both experimental (symbol) and refined fits (red lines) for Pr1-xSrxMnO3 (x = 
0.1, 0.12, 0.3 and 0.4). The Rietveld fitting results confirmed that all samples 





Figure 3.29:  Powder XRD patterns of Pr1-xSrxMnO3 (0.1 ≤ x ≤ 0.4) (symbol) and 







Table 3.3: Lattice parameter and unit cell volume of Pr1-xSrxMnO3 (0.1 ≤ x ≤ 
0.4). 
 
3.4.2: Temperature and field dependent magnetization, and phase 
diagram 
Figure 3.30 shows the temperature dependence of magnetization 
(M(T)) of Pr1-xSrxMnO3 series for (a) x = 0.1, 0.2, 0.3 and 0.4, (b) x = 0.4, 0.42 
and 0.44 and (c) x = 0.5 and 0.54, measured under µ0H = 0.1 T during field-
cooled cooling (FCC) and field-cooled warming (FCW). Except x = 0.54, all 
samples undergo second order PM to FM transition at T = TC as indicated by 
the rapid increase of M(T) upon cooling. The ferromagnetic Curie temperature 
Parameter 
Orthorhombic-Pbnm 
x = 0.1 0.2 0.3 0.4 
a (Å) 5.4729 5.4934 5.4777 5.4449 
b (Å) 5.5309 5.4676 5.4587 5.4809 
c (Å) 7.7121 7.7329 7.7172 7.6707 
V (Å3) 233.451 232.267 230.758 228.924 
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(TC) is identified from the minimum of dM/dT curve. The TC increases with Sr 
content for 0.1 ≤ x ≤ 0.4 (TC = 119 K, 163 K, 260 K and 305 K for x = 0.1, 0.2, 
0.3 and 0.4, respectively) and starts to decrease for x = 0.42 and 0.44 (TC = 












Figure 3.30: Temperature dependence of field cooled cooling (FCC) and field 
cooled warming (FCW) dc magnetization (M(T)) curves of Pr1-xSrxMnO3 for (a) 
x = 0.1, 0.2, 0.3 and 0.4, (b) x = 0.4, 0.42 and 0.44, and (c) x = 0.5 and 0.54 under 
µ0H = 0.1 T.  
The M(T) of x = 0.5 shows a second order PM to FM transition at TC = 
252 K followed by the first order FM to AFM transition at TN = 152 K. This 
FM to AFM transition is accompanied by tetragonal to monoclinic phase 
transition while there is no structural symmetry change across the PM to FM 
transition.159 On the other hand, the M(T) for x = 0.54 shows a first-order PM 
to AFM transition at Neel temperature, TN = 210 K without the intermediate 






Upon cooling, M(T) of x = 0.3 shows a step like increase below 70 K, 
which is a typical of a long range ferromagnet. This unconventional behaviour 
is due to polarization of Pr: 4f
2
 moments parallel to Mn 3d moments.160
, 161 On 
the other hand M(T) of x = 0.4 shows a step like decrease at TS = 86 K much 








Figure 3.31: Zero field cool M-H of Pr1-xSrxMnO3 at 10 K for (a) x = 0.1, 0.2, 0.3 
and 0.4, and (b) for x = 0.5 and 0.54. 
 
          Figure 3.31(a) and (b) show field dependence of magnetization 
isotherms (M(H)) of Pr1-xSrxMnO3at T = 10 K for x = 0.1, 0.2, 0.3 and 0.4, and 
of x = 0.5 and 0.54, respectively on ZFC samples. The M(H) curves of x = 0.1, 
0.2, 0.3 and 0.4 show a soft ferromagnetic nature. The magnetization of x = 
0.1 increases slowly with increasing magnetic field below 4 T compared to 
other compositions. M(H) of x = 0.5 shows only an increase near zero field. 
This could be due to the presence of ferromagnetic clusters in the majority 
antiferromagnetic matrix. However, as the field increases, M increases rapidly 
above 2 T. This is a metamagnetic transition, in which antiferromagnetic spins 
are in spin-flop state. The transition is incomplete at 7 T and hysteresis occurs 
while reducing the field. On the other hand, M(H) of x = 0.54 increases 
linearly up to maximum field of 7 T and does not exhibit hysteresis. This 
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suggests that a field of 7 T is insufficient to induce metamagnetic transition in 
this compound. The spontaneous magnetization (MS) obtained from the 
extrapolation of the linear portion of the high field data to zero field gives MS 
= 3.58, 3.8, 3.8 and 3.56 µB/f.u. for x = 0.1, 0.2, 0.3 and 0.4, respectively. We 
found the maximum value Mmax (5T) = 3.92, 3.96, 3.9 and 3.7 µB/f.u for x = 
0.1, 0.2, 0.3 and 0.4, respectively. These values are higher than the theoretical 
values (MS(theo) = 3.9, 3.8, 3.7 and 3.6 µB/f.u. for x = 0.1, 0.2, 0.3 and 0.4 
respectively) which partially could be due to FM contribution of Pr moments. 
The temperature dependent magnetization data was used to construct the phase 
diagram shown in Fig. 3.32. 
 
Figure 3.32: Magnetic phase diagram of Pr1-xSrxMnO3. TC, TN and TS are 
ferromagnetic Curie temperature, Neel Temperature and structural transition 
temperatures, respectively. 
          The temperature dependent magnetization under different external 
magnetic fields has studied to investigate the effect of external magnetic fields 
on the structural transition. Figure 3.33 shows FCC and FCW-M(T) curves 
under different dc magnetic fields from μ0H = 0.01 to 3 T of x = 0.4. While 
cooling, it shows TC = 305 K and a step-like decrease at TS = 86 K under μ0H 
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= 0.1 T. While warming, M(T) shows an abrupt increase at 98 K with a 
pronounced hysteresis at around TS. The feature at TS does not shift down in 
temperature with increasing μ0H but the width of the hysteresis vanishes for 
μ0H> 1 T. It suggests that the step-like decrease observed while cooling is not 
due to AFM transition. 
 
Figure 3.33: M(T) of x = 0.4 under different magnetic fields (µ0H = 0.01, 0.1, 0.3, 
0.5, 1 and 3 T). The inset (a) shows exothermic and endothermic peaks in a 
temperature cycle under µ0H = 0.1 T at TS. 
 
The anomaly at TS is attributed to orthorhombic to monoclinic 
structural phase transition upon cooling as suggested by neutron diffraction 
study on a similar composition by C. Ritter et al.162It was revealed that the 
structural transition is not complete even at 1.6 K. The refinement of neutron 
diffraction data gave 88% monoclinic (I2/a) and 12% orthorhombic (Pnma) 
phases at 1.6 K. C. Boujleben et al. 163  determined coexistence of 73% 
monoclinic and 27% orthorhombic phases in the sample from neutron 
diffraction study. To characterize the low temperature anomaly, we carried out 
differential thermal analysis (DTA) which is shown in the inset of Fig. 3.33. 
The DTA technique makes use of two Pt-100 resistance thermometers 
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connected in differential mode. The sample was placed on one of the 
thermometers while the other one is used as a reference. The temperature 
difference between these two Pt thermometers is measured as a function of 
base temperature.164 The DTA of our sample shows an exothermic peak at T = 
89 K and endothermic peak at T = 100 K while cooling and warming, which 
confirms the 1
st
 order nature of low temperature transition.  
















Figure 3.34: M(H) isotherms at selected temperatures around TC for (a) x= 0.1, 
(b) 0.2, (c) 0.3, (d) 0.4 and (e) 0.42. 
The field dependence of M(H) isotherms were measured for the field 
sweeps of 0 to 5 T and 5 to 0 T around the TC for 0.1 ≤ x ≤ 0.3, and 10-360 K 
and 50-350 K for x = 0.4 and 0.42, respectively. Figure 3.34(a)-(e) show the 
M(H) isotherms for x = 0.1, 0.2, 0.3, 0.4 and 0.42, respectively. None of these 
compounds show hysteresis at high fields and field-induced metamagnetic 
transition. The M(H) isotherms of x = 0.4 and 0.42 at low fields (μ0H < 1T) 
and for T < 120 K crossover the high temperature data which is consistent 
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with the decrease of M(T) found below TS. These M(H) isotherms were later 
used to calculate the magnetic entropy change ‘-∆Sm
’
 as a function of 
temperature using Maxwell’s equation.  
 
Figure 3.35: (a), (b) and (c): Arrott Plots, M
1/β
versus (H/M)
1/γ with β = 0.5 and γ 
= 1 for x = 0.1, 0.2 and 0.3, respectively. 
 
The slope of M
2
 versus μ0H /M curves (Arrott plots) can determine the 
order of phase transition. A positive slope indicates a second-order PM to FM 
transition while a negative slope corresponds to first-order PM to FM 
transition.165Fig. 3.35(a), (b) and (c) show the Arrott plot,  i.e. M
2
 versus H/M 
isothermal curves around TC for x = 0.1, 0.2 and 0.3, respectively.
166  The 
positive slope of the Arrott plots above and below TC confirms that the high 
temperature PM-FM transition in x = 0.1, 0.2 and 0.3 is second order in nature. 
Fig. 3.35(a) shows M
2
 versus H/M curves of x = 0.1 are nearly straight lines as 
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derived from the mean field theory (β = 0.5 and γ = 1) and the isotherm 
corresponding to T = 120 K passes through the origin. The Arrott curves of x = 
0.2 and 0.3 are deviated from the straight lines. The non-linearity in Arrott 
plots are due to the presence of short range ordering near Curie temperature. 
Generally, these magnetic phase transitions and critical parameters are 
characterized by the modified Arrott plot as proposed by Noakes et al.167 
 
 
Figure 3.36: (a) M(H) isotherms around TC (T = 294-318 K with ∆T = 2 K) for x = 
0.4; (b) Arrott-plots (M
2
 versus H)  following mean field theory (β = 0.5 and γ=1); (c) 
Modified Arrott plots (β = 0.365 and γ=1.336); (d) Spontaneous magnetization MS(T) 
(left) and inverse initial susceptibility𝜒0
−1 (right) were fitted by equations (1) and (2); 
(e). Isothermal M(H) near T = TC in log-log scale and solid lines are the linear fitting 
by Eq. (3). 
 
To understand the order of magnetic phase transition and critical 
behaviour from scaling hypothesis, we have taken M(H) isotherms at each 2 K 
difference from 294 to 318 K (see Fig. 3.36(a)) for x = 0.4. According to the 
scaling hypothesis, the critical behaviour of magnetic systems showing a 
second-order magnetic phase transition near the Curie temperature can be 
characterized by a set of critical exponents which are interrelated. 168  The 
critical exponents associated with the spontaneous magnetization (Ms), inverse 
susceptibility (χ-1) and magnetization isotherms at TC were calculated by 
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  𝑀𝑆(𝑇) = 𝑀0(−𝜀)





) (𝜀)𝛾, 𝜀 > 0, 𝑇 > 𝑇𝐶  … … … … (2) 
𝑀 = 𝐷(𝐻)1/𝛿 , 𝜀 = 0, 𝑇 = 𝑇𝐶  … … … ….   (3) 
Where 𝜀 = (𝑇 − 𝑇𝐶)/𝑇𝐶 is the reduced temperature and M0, (h0/M0) and D are 
the critical amplitudes. β, γ and δ are critical exponents associated with MS, 
0  and TC , respectively. Generally, the critical exponents can be determined 
by analyzing the Arrott plot at temperature around the critical point. Arrott-
Noakes equation of state is  
1/ 1/
1/ ( ) / ( / )C CH M T T T M M
    , where M1 
is a material constant. In the mean field mode, the Arrott plot drawn as M
2
 
versus H/M curves should be a series of parallel straight lines in the high field 
range, and the line at TC should pass through the origin with β = 0.5, γ = 1. 
However, the curves in the Arrott plot shown in Fig. 3.36(b) are non-linear 
which indicates that the critical exponents (β = 0.5, γ = 1) based on the Landau 
mean-field theory alone cannot explain the critical behaviour of this 
compound. The modified Arrott plot with Heisenberg critical exponents (β = 
0.365, γ = 1.336) was tried out and it results in parallel straight lines as shown 
in Fig. 3.36(c). By extrapolating the modified Arrott plots from the high field 
region to (H/M)
1/γ
 = 0 for T<TC and (M)
1/β
 = 0 for T>TC, the spontaneous 





calculated for every straight line and they are plotted in Fig. 3.36(d). We found 
β = 0.364 and γ = 1.336 with TC = 304.6 K. According to the statistical theory, 
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  , which 
should be equal to 4.66 at T = TC. Experimentally, the exponent δ is 
determined by fitting the isotherm magnetization curves at T = TC as shown in 
Fig. 3.36(e). It was found that the determined value of δ = 4.65 by using the 
Eq. (3) is very close to the expected value. 












Figure 3.37: (a), (b) and (c): Temperature dependence of the magnetic entropy 
change (-∆Sm) for different ∆H. The inset of (a), (b) and (c) show −𝜟𝑺𝒎
𝒎𝒂𝒙 (left) 
and RC (right) versus ∆H for x = 0.1, 0.2 and 0.3, respectively. 
 
The isothermal magnetic entropy change (-∆Sm) was obtained from 
M(H) isotherms using the standard numerical approximation to the Maxwell’s 
thermodynamic relation ∆𝑆𝑚 =  ∫ (𝑑𝑀/𝑑𝑇)𝐻𝑑𝐻
𝐻
0
. The magnetic entropy 
change ∆𝑆𝑚 = 𝑆𝑚(𝐻) − 𝑆𝑚(0) is plotted as -Sm versus T for x= 0.1, 0.2 and 
0.3 in Fig. 3.37(a), (b) and (c), respectively. For x = 0.4 and 0.42, it is shown 
in Fig. 3.38(a) and (b), respectively for a field change of ∆H = 1, 2, 3, 4 and 5 
T. Spin entropy is supposed to decrease under a magnetic field, and hence, 
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Sm(H) < Sm(0) in paramagnetic phase (T ≥ TC) as well as in the ferromagnetic 
phase but close to TC. The -Sm shows a peak at their respective Curie 
temperatures (TC =117.5, 172.5, 262.5, 307.5 and 302.5 K for x = 0.1, 0.2, 0.3, 
0.4 and 0.42). 
 
Figure 3.38: -∆Sm versus T for different ∆H, (a) x = 0.4 and (b) x = 0.42. Inset:  
−𝜟𝑺𝒎
𝒎𝒂𝒙 (left) and RC (right) versus ∆H for x = 0.4, and 0.42, respectively. 
The magnitude of the peak value -∆Smax increases with increasing 
strength of the magnetic field and also with x.  -∆Smax = 1.55 (3.35), 1.55 
(4.28), 3.75 (6.18), 2.63 (4.65) and 2.33 (4.33) J/kg.K are observed with field 
change of ∆H= 2(5) T for x = 0.1, 0.2, 0.3, 0.4 and 0.42, respectively. The -
∆Sm vs T curves are  symmetric  about TC as expected for  a 2
nd
 order FM 
transition and  the position of the -∆Sm peak at TC is not affected with 
increasing magnetic field. 
For practical consideration, not only the magnitude of -Sm at the peak 
but the temperature range over which -Sm remains significant is also 
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important. The effectiveness of magnetic refrigerants is characterized by the 




(𝑇)𝑑𝑇, where T1 and T2 are extreme temperatures corresponding to 
full width at half maximum (FWHM) of -∆Sm versus T curves. Thus, the 
refrigeration capacity is equal to the area under ∆Sm versus T curve, using 
temperatures at FWHM as integration limits for a particular field change ∆H.   
The inset of Fig. 3.37(a), (b) and (c), and Fig. 3.38(a) and (b) show the ‘-
∆Smax’ (left) and RC (right) versus magnetic field change for x = 0.1, 0.2 and 
0.3, and 0.4 and 0.42, respectively. We found large RC values, 257, 232, 191, 
182.5 and 181.4 J/kg for x = 0.1, 0.2, 0.3, 0.4 and 0.42, respectively for the 
field change of ∆H = 5 T which are comparable to the literature values.169 
Bingham et al.170 reported normal magnetocaloric effect around TC and inverse 
MCE around TN in x = 0.5.  
 




























































































Table 3.4: Magnetocaloric parameters (-∆Sm and RC) of Pr1-xSrxMnO3(0 ≤ x ≤ 
0.42)  
 
The magnetocaloric parameters (-∆Sm and RC) of Pr1-xSrxMnO3 for x = 0.1, 





Figure 3.39: (Main panel) Temperature dependence of the exponent (n) in the 
power law dependence ∆Sm(H) = a H
n 
for x = 0.4. The insets show the field 
dependences of ∆Sm (H) at T > TC, at T = TC and T < TC. 
Using the mean-field approach, Oesterreicher and Parker171 derived a 
proportional relation between the field dependent change in the magnetic 
entropy (∆Sm) and applied field (μ0H). At T = TC, the magnetic entropy change 








    
 
, where q is the number of 
magnetic ions per mole, R is the gas constant, and J is the total angular 












    
 
 where, pe is the effective magnetic moment in the 
paramagnetic state and θ is the paramagnetic Curie temperature obtained from 
the inverse susceptibility.  
In insets of Fig. 3.39, show plot -∆Sm versus (μ0H)
n
 for the three 
regions of T >> TC, T ~ TC and T << TC corresponding to n = 2, 2/3 and 1, 
respectively for x = 0.4 compound. The anticipated field dependence is mostly 
obeyed.  The main panel of Fig. 3.39 shows the value of n extracted from the -
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∆Sm versus μ0H curves at different temperatures. It is seen that while n = 2 far 
above TC and n = 1 below TC, it goes through a minimum value of n = 2/3 
close to the TC. 
Recently, Franco et al.172 showed that ∆Sm in a second-order PM-FM 
phase transition can be expressed as ∆Sm α H
n
, for T<TC if a proper temperature 
scaling is introduced. They have shown that the plots of the magnetic entropy 
change normalized to its maximum value (∆Sm/∆SMax) for different magnetic 









 falls on to a single master 
curve. Here, Tp and Tr are temperatures corresponding to the maximum 
magnetic entropy change (∆SMax) and half the maximum value (∆SMax/2), 
respectively. Fig. 3.40 shows ∆Sm/∆SMax versus the reduced temperature θ for 
different magnetic fields for x = 0.4 compound. It is found that the data for all 
the magnetic fields collapse into a single master curve. 
 
Figure 3.40:  Scaling of normalized ∆Sm /∆SMaxversus θ = (T-Tp)/(Tr-Tp)  curves 





3.4.5: Electrical and Thermal transport 
 
 
Figure 3.41: (a), (d) and (g) M(T) under µ0H = 0.1 and 5 T; (b), (e) and (h) ρ(T) 
under  µ0H = 0 and 5 T; (c), (f) and (i) α(T) under  µ0H = 0 and 5 T for x = 0.1,  
0.2, and 0.3, respectively. 
Figure 3.41(a), (b) and (c) show the temperature dependence of 
magnetization (M), four probe dc-resistivity () and thermopower () for x = 
0.1 respectively. M(T) is shown for µ0H = 0.1 and 5T, whereas ρ(T) and α(T) 
are simultaneously measured under 0 and 5 T magnetic fields while cooling 
from high temperature. The onset of ferromagnetic transition, obtained from 
the inflection point of dM/dT curve is marked by dashed line in each 
figure.(T) in zero field continues to increase even below TC and its value 
exceeds the instrument limit below 90 K. Although magnetic field (µ0H = 5 T) 
decreases the (T) value below 120 K, it fails to induce metallic state in this 
sample below TC = 119 K. Hence, x = 0.1 can be considered as a 
ferromagnetic insulator (FMI). Thermopower (α(T)) is positive for x = 0.1 
throughout measured temperature range. The value of  continues to increase 
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with decreasing T and reaches 354 V/K at T = 120 K under µ0H= 0 T. We do 
not show data below 120 K, it was noisy due to very high value of resistivity. 
In the presence of 5 T magnetic field, the value of α decreases below 200 K 
and it is unaffected above this temperature. However the data becomes noisy 
below ~ 90 K due to high value of resistivity. 
Figure 3.41(d), (e) and (f) show the temperature dependence of 
magnetization (M), four probe dc-resistivity () and thermopower () for x = 
0.2 under zero field (0.1 T for magnetization) and µ0H= 5 T respectively. The 
ferromagnetic transition shifts to higher temperature (TC= 163 K) with 
increasing Sr content. While (T) for x = 0.1 shows semiconductor nature 
throughout temperature range, (T) of x = 0.2 in zero field shows insulator to 
metal transition with a peak occurring at temperature T = TIM  = 177 K, which 
is few kelvins above the TC (= 163 K) determined from dM/dT. There is also a 
small hump at T = Tf just below TC. We have studied the evolution of the peak 
and humps with different magnetic fields as shown Fig. 3.41(e). The peak 
value of ρ at TIM reduces in magnitude and shifts to higher temperature with 
increasing H. On the other hand, the low temperature hump is not affected by 
the magnetic field. Hence the hump is not due to magnetic transition. The 
hump could be due to grain boundary effects, and mixed super exchange 
insulating and double exchange metallic phases.173
,174. Thermopower (α(T)) is 
positive in the whole temperature range. In contrast to x = 0.1, (T, H = 0) of x 
= 0.2 shows a peak at Tα = 192 K where it reaches +89 µV/K and then falls 
sharply to ~+7 µV/K at 155 K under µ0H = 0 T.  Note that T is ~20 K higher 
than TC and ~15 K higher than TIM. It appears that  attains a small value at TC. 
As like the resistivity, the thermopower peak at Tα deceases and itself shifts to 
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higher temperature with increasing magnetic field.  However, in contrast to the 
resistivity,  below 150 K is unaffected by the magnetic field.  
Figure 3.41(g), (h) and (i) show the temperature dependence of 
magnetization (M), four probe dc-resistivity () and thermopower () for x = 
0.3 under zero field (0.1 T for magnetization) and µ0H = 5 T respectively.  TC 
shifts to higher temperature and reaches TC = 260 K. The I-M transition at TIM 
= 266 K in x = 0.3 is much sharper than in x = 0.2 and the position of the peak 
coincides with TC. TIM shifts to 308 K under 5 T accompanied by a large 
magnetoresistance. α(T) of x = 0.3 is negative at 370 K and it decreases 
towards zero on approaching TC from the high temperature side. α(T) 
decreases abruptly when the ferromagnetic order sets at TC and traverses to 
zero around 221 K crossover to positive value below it. Within the 
ferromagnetic state a broad maximum occurs around 150 K. We also note that 
α tends to increase below 80 K which may be related to the anomalous 
magnetic behaviour found at low temperature in this compound. Since  is 
expected to become zero at 0 K as a consequence of entropy, (T) may 
undergo a peak value below 10 K. The applied magnetic field affects the value 
of  mostly in a narrow temperature interval around TC. It makes  less 
negative around TC. The value of  at high temperature decreases with 
increasing x as more carriers are doped (α = 146, 35.1, and -8.6 V/K at 300 K 





















Figure 3.42: (a) M(T) under different H, (b) ρ(T) and (c) α(T) under  µ0H = 0, 1, 3 
and 5 T for x = 0.4. 
Figure 3.42 shows M(T), (T) and (T) for x = 0.4. While cooling, the 
(T) of x =0.4 shows a small kink around T =TC= 305 K and goes through 
maximum around Tp= 213K.  The departure of Tp from TC is most likely due 
to the presence of highly resistive grain boundaries. 175  As the temperature 
decreases, magnetization of ferromagnetic grains increases and the resistivity 
falls below Tp once the percolation threshold for metallic conduction is 
reached. The structural transition at temperature TS hardly affects the 
resistivity. When a magnetic field of μ0H = 3 T is applied, the kink at TC is 
suppressed and, Tp shifts by 9 K and magnitude of the resistivity below TC 
decreases. The α(T) of x = 0.4 decreases smoothly (α becomes less negative) 
as TC is approached from the high temperature side. Around TC, α decreases 
rapidly and it decreases smoothly towards zero in the ferromagnetic state. 
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Around TS = 86 K, α shows a dip and then it increases slowly.  It is to be 
noted that the rapid change in α occurs at TC rather than at the temperature 
where the dc resistivity shows a maximum (Tp) which clearly indicates that 
thermopower probes the intrinsic property of the grain and insensitive to grain 
boundaries. In electrical transport measurement, voltage drop across the high 
resistive grain boundary is also sampled along with the voltage drop in the low 
resistance ferromagnetic grains. Because no current flows, thermopower of 
individual grains is additive, independent of the resistivity of inter-granular 
connections and hence α probes the intrinsic phase transition within grains. 
Applied external magnetic fields of μ0H ≥ 3 T eliminates the anomaly in α 
around the TC but hardly affects the value of α much below 250 K, unlike the 













Figure 3.43:  (a) M(T), (b) ρ(T) and (c) α(T) for x = 0.5 under µ0H = 0, 5 and 7 T. 
(d) M(T), (e) ρ(T) and (f) α(T) for x = 0.54 under µ0H = 0, 5 and 7 T. 
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Figure 3.43 shows M(T) (a, d), ρ(T) (b, e) and α(T) (c, f) under  
different H for x = 0.5 and 0.54, respectively. The M(T) of x = 0.5 shows that 
the TC shifts up and TN shifts down in temperature with increasing strength of 
magnetic field. The absence and presence of thermal hysteresis in M(T) at TC 
and TN, respectively indicates that the PM-FM and FM-AFM transitions are 
second and first order in nature, respectively. (T) of x = 0.5 shows metallic 
behaviour in the PM state under zero and non-zero fields. Further lowering the 
T, (T) shows a dip just below TC and semiconducting behaviour in the AFM 
state associated with thermal hysteresis at TN. The magnitude of (T) 
decreases under high magnetic fields. Similarly, α(T) for x = 0.5 also shows 
abrupt change at  TC and TN. As lowering the temperature, the α(T) of x = 0.5 
decreases smoothly and drops its magnitude from -38 µV/K (300 K) to -
13µV/K (170 K) under PM to FM transition. As temperature decreases, α(T) 
shows a rapid increase near FM to AFM transition and reaches a maximum 
value -41 µV/K (50 K) in the AFM regime. The thermal hysteresis in α(T) is 
observed at first order FM to AFM transition. Interestingly, the magnitude of 
α(T) decreases as resistivity decreases at TC and TN under magnetic fields.  
The M(T) of x = 0.54 shows a thermal hysteresis at TN and indicates 
that the PM-AFM transition is of 1
st
 order in nature. TN shifts to low 
temperature with increasing H. The (T) of x = 0.54 shows a semiconducting 
behaviour in whole measured temperature range with negligible hysteresis at 
TN in zero field. The magnitude of (T) decreases and pronounced thermal 
hysteresis is observed under high magnetic fields. The α(T) of x = 0.54 shows 
very large negative value of -47 µV/K under 0 T and its magnitude decreases 
to -42 µV/K under  7 T at 300 K. The inset of Fig. 3.43(f) of α(T) versus T, 
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shows the thermopower under 0 T for a wide temperature range. As lowering 
the temperature, α(T) decreases smoothly and reaches to a very  small value 
with small slope change at TN. Thermal hysteresis is not observed at TN in α(T) 
under 0 T, whereas the behaviour of α(T) changes abruptly under fields ≥ 0 T. 
It shows a dip at Tα in the thermopower with large thermal hysteresis around 
TN. The magnitude of α(T) decreases (α(TN) = -37, -30, -24.5 and -20 µV/K for 
∆H = 1, 3, 5 and 7 T, respectively) and the dip shifts to lower temperature (Tα 
= 208, 205, 200 and  for ∆H = 1, 3, 5 and 7 T, respectively) with increasing H. 
The negative α for x> 0.4 in the temperature range from 30 to 360 K 
suggests that the charge carriers are predominantly electron-like at the Fermi 
level. The negative ‘α’ over a wide temperature range was also reported for x 
= 0.48 - 0.55 in Pr1-xSrxMnO3 series under zero field.
15
 The composition with x 
< 0.5 are supposed to be hole doped, however  it is prevalent to find negative 
‘α’ for x < 0.5. For example, ‘α’ in La1-xCaxMnO3 series shows a negative 
value at room temperature even for x = 0.3 and it shows a change of sign as a 
function of temperature.176
,177,178 The sign of α in manganites is affected by 
contribution from spin disorder term (αspin= -20 µV/K) in the paramagnetic 
state and carrier entropy due to presence of correlated polarons or charge 
ordered nano-clusters and these make the analysis difficult unless the 
measurement is extended to very high temperature.
29, 30 , 179  We are more 
interested in the change of α with the magnetic field rather than the value and 




Figure 3.44: (a), (d) and (g) -MR(%);(b), (e) and (h)  -MTEP(%); and (c), (f) and 
(i)  -∆Sm as a function of  T  of Pr1-xSrxMnO3 for µ0∆H = 5 T. 
Figure 3.44 shows (a) percentage change of negative 
magnetoresistance, (b) negative magnetothermopower and (c) negative 
magnetic entropy change (-∆Sm) as a function of temperature for x = 0.1 and 
0.2 samples under the field change of µ0∆H = 5T. MR defined as ((𝑀𝑅(%) =
([𝜌(𝐻) − 𝜌(0)]/𝜌(0)) × 100)) shows a peak at TC and reaches a non-zero 
value at the lowest temperature measured. The peak values of negative 
magnetoresistance at TC are = 57 % at T = 117 K and 74% at 177 K for x = 0.1 
and 0.2, respectively, as shown in Fig. 3.44(a). The MTEP defined as 
( (𝑀𝑇𝐸𝑃(%) = ([𝛼(𝐻) − 𝛼(0)]/𝛼(0)) × 100) ) in x = 0.1 is nearly zero 
above 200 K and increases with lowering temperature. The negative MTEP of 
x = 0.1 reaches 15% at 122 K. However, MTEP shows a prominent peak at TC 
in x = 0.2. At ∆H = 5 T, the peak value of MTEP is 86%, which is larger than 
the magnitude of MR (= 74%) at same temperature. Magnetic entropy change 
also shows peak at TC which coincide with MR and MTEP peak for x = 0.1 
and 0.2.  
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Figure 3.44(d) -MR(%) (e) -MTEP(%) and (f) -∆Sm as a function of 
temperature for x = 0.3 and 0.4 under ∆H = 5 T. The peak value of MR was 
found 65 % at 266 K and 20 % at 307 K for x = 0.3 and 0.4, respectively. 
After the peak, MR increases continuously as temperature decreases. Since, 
the sign of thermopower changes with changing temperature in x = 0.3, we 
plot only the difference in thermopower = (H)-(0) in the inset of Fig. 
3.44(e).  is negligible far above and below TC but increases in the vicinity 
of TC and exhibits a peak at TC where it reaches -3.3 µV/K. The value of 
MTEP reaches 32% for x = 0.4 under μ0∆H = 5 T. Similar kind of peak is also 
observed in magnetic entropy change for x = 0.3 and 0.4 compositions as 
shown in Fig. 3.44(f). 
Figure 3.44(g) -MR(%), (h) -MTEP (%) and (i) -∆Sm as a function of 
temperature for x = 0.5 and 0.54 under ∆H = 5T. For x = 0.5, MR shows 33 % 
change at TC= 257 K. After the peak, MR starts to increase as temperature 
decreases and again shows peak at TN = 113 K with 55% change as shown in 
Fig. 3.44(g).  At 10 K, MR reaches 67% underµ0∆H = 5 T. MTEP mimics the 
MR trend and shows peak at TC with 30% change under µ0∆H = 5 T. After the 
peak, MTEP increases as temperature decreases and shows again peak at TN = 
113 K with 75% change. After this peak MTEP decreases and reaches 38% at 
10 K as shown Fig. 3.44(h). For x = 0.54, MR shows peak at TN = 202 K and 
decreases 33% with application of µ0∆H = 5T. After the peak, MR goes to 
zero as temperature decreases. MTEP also follows same trend as MR. MTEP 
shows peak at TC and decreases 43% under µ0∆H = 5 T.  Magnetic entropy 
shows a dip at TC for x = 0.54 composition which is a signature of IMCE in 
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antiferromagnetic compounds. A very little literature is available for MTEP 
compared to MR in manganites.180
, 181, 182, 183
 
The results clearly show that the peak positions of magnetic entropy 
change, magnetoresistance and magnetothermopower occur around the 
magnetic phase transition. The insulating and ferromagnetic insulating 









 magnetic phases. The x = 0.2 
induced the insulator metal transition but large and broad magnetoresistance 
behaviour preserved at low temperature. It also indicates the presence of 
inhomogeneous magnetic phases in the system. While, ρ(T) of x = 0.3 shows 
very sharp IMT and the peak in ρ(T)  well coincides with TC. Further increase 
in x, the large difference between Tp and TC is could be due to the presence of 
highly resistive grain boundaries.
31
 As the temperature decreases, the 
magnetization of ferromagnetic grains increases and the resistivity falls below 
Tp once the percolation threshold for metallic conduction is reached.  The 
structural transition in x = 0.4 at temperature TS hardly affects the resistivity 
except for introducing a slight slope change.  
Electrical transport in the paramagnetic state of manganites is known 
to be governed by thermally activated small polaron hopping (SPH). The 
temperature dependence of the electrical resistivity and thermopower by small 
polaron hopping (SPH) can be expressed as follows:  
     𝜌 =  𝜌0𝑇𝑒𝑥𝑝 (
𝐸𝜌
𝑘𝐵𝑇
) … … … … (4) 






+ 𝑎) … … … … (5) 
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where, ρ0 is a constant, Eρ and Eαare the activation energies for 
resistivity and thermopower, kB is Boltzmann constant and ‘a’ is a constant 
related to kinetic energy of polarons.184 For polaronic conduction, Ep =WH+Eα, 
where, WH is the binding energy for polaron.
36
 Hence Ep > Eα for small 
polaronic conduction. 
 
Figure 3.45: Polaronic fit (a) ln(/T) vs 1/T and (b) α(T) vs 1/T for x = 0.1, 0.2 
and 0.3, respectively. (c) ln(/T) vs 1/T and (d) α(T) vs 1/T for x = 0.4. 
 
Fig. 3.45(a) and (c) show the ln(ρ/T) versus 1/Tcurves for x  = 0.1, 0.2, 
and 0.3 and 0.4, respectively under µ0H = 0 (black circles) and 5T (red circles) 
fields. All these curves show a linear behaviour at high temperature for T>TC. 
The activation energy Eρ obtained by fitting the linear regime by using above 
equation (4) and it is found that the activation energy decreases with 
increasing Sr content. The obtained activation energies are Eρ = 175.2, 154.2, 
114.7 and 117 meV under 0 T and 167.7, 147.5, 90.5 and 64 meV under 5 T 
fields for x = 0.1, 0.2, 0.3 and 0.4, respectively. The Fig. 3.45 (b) and (d) show 
the α(T) versus 1/T curves under 0 and 5T fields for x = 0.1, and 0.2, and the 
inset of Fig. 3.45(b) for x = 0.3 and x = 0.4 respectively. We estimated the 
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activation energies Eα from the linear fit of α(T) versus 1/T curves by using the 
above equation (5). We found Eα = 93.1, 45.25, 3.7 and 27meV for x = 0.1, 
0.2, 0.3 and 0.4, respectively, under µ0H = 0 T. Eα decreases from 45.25 meV 
in zero field to 37.44 meV under 5 T magnetic field for x = 0.2 but increases 
from 3.7 meV in zero field to 4.3 meV in 5 T for x = 0.3.  The calculated 
activation energies of thermopower, (Eα) are much lower than the resistivity 
activation energies. Such a large difference between activation energies for 
electrical resistivity and thermopower is considered to be a hallmark of 
polaronic transport above TC. The fact Eρ > Eα is the indication that electrical 
conduction is due to small polaron hopping above TC in these compounds. 
3.4.6: Correlation between M(H), ρ(H) and α(H) 
 
The correlation between field dependent resistivity (ρ(H)) and magnetization 
(M(H)) above Curie temperature in hole doped manganites were proposed.
185, 
186, 187
 Wang et al. proposed a universal relation, 𝜌 = 𝐴𝑇𝑒𝑥𝑝[(𝜀 − 𝛼𝑚2)/𝑇]  
for hole doped manganites, where α is a constant, m is the normalized 
magnetization, ε is the activation energy for polarons. However, the 
correlations of resistivity and magnetization with thermopower have not been 
reported.  
In order to evaluate the connection among resistivity, thermopower and 
magnetization, we have measured their field dependence at selected 
temperatures. Figure 3.46 (a) and (b)show logarithmic (ρ(H)) versus M2 and 
α(H) versus M2for x = 0.2. ρ(T) and α (T) of x = 0.2 show a peak at 177 and 
192 K, respectively which occurs at a higher temperature than the TC due to 
the presence of inhomogeneous magnetic and electrical phases. Therefore, the 
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isotherms of Fig. 3.46(a) and (b) show linear behaviour much above TC for T ≥ 
175 and 190 K, respectively.  
Figure 3.46:  (ρ(H)) versus M2 and α(H) versus M2 plots of Pr1-xSrxMnO3 
for (a), (b) x = 0.2, (c), (d)  x = 0.3 and (e), (f) x = 0.4. 
However, the peak of ρ(T) and sharp slope change in α (T) coincide 
with the TC = 260 K for x = 0.3. Thus, Fig. 3.46(c) and (d) show linear 
isotherms for T ≥ 260 K. Figure 3.46(e) and (f) show logarithmic (ρ(H)) 
versus M
2
 and α(H) versus M2 for x = 0.4. ρ(T) of x= 0.4 shows a broad 
transition and the peak occurs much below TC ,may causes the non-linear 
behaviour isotherms, whereas the slope change in thermopower occurs at TC 






Figure 3.47: logarithmic (ρ(H)) versus M2 and α(H) versus M2 plots of Pr1-
xSrxMnO3 for (a) and (b) x =0.5 and, (c) and (b) x = 0.54, respectively. 
 
Fig. 3.47(a) (c) and (b), (d) show the (ρ(H)) versus M2 and α(H) versus 
M
2
 plots x = 0.5 and 0.54. . Resistivity is plotted in logarithmic scale in each 
graph. The log ρ versus M2 isotherms for T≥ 260 (T >TC,) of 0.5, and T≥ 216 
>TN for x = 0.54 show a linear variation i.e.in the paramagnetic state. There is 
small deviation in these isotherms for T ≤ TC. Interestingly, we also found a 
linear variation in α(H) versus M2 isotherms for T>TC in 0.2 ≤x≤ 0.5 and for T 
> TN in x = 0.54.  From the above results, we found linear isotherms in 
logarithmic ρ versus M2and α versus M2 in paramagnetic regime. Thus we 
tried to find the relation between resistivity and thermopower.  We plot 



















Figure 3.48: ρ(H), α(H) and ρ(0) Vs α(0) of Pr1-xSrxMnO3 for x = 0.2 (a, b, c), 0.3 




Figure 3.49:ρ(H), α(H) and ρ Vs α of Pr1-xSrxMnO3 for x = 0.5 (a, b, c) and  x = 




Figure 3.48(a), (b), (c), (d), (e), (f), (g), (h) and (i) and Fig. 3.49 (a), 
(b), (c), (d), (e) and (f) show field dependence of resistivity, field dependence 
of thermopower and logarithmic ρ(H) versus α(H) of Pr1-xSrxMnO3 for x = 0.2, 
0.3 and 0.4, and 0.5 and 0.54, respectively. We found a linear behaviour 
between the logarithmic resistivity and thermopower for T>TC.   
 
Figure 3.50: (a) MR vs µ0H and (b) MTEP vs µ0H and (c) Correlation between 
MR and MTEP for x = 0.4 composition. 
 
We plot the MTEP and MR of x = 0.4 as a function of μ0H in Fig. 
3.50(a) and (b), respectively. The isotherms at T= 305 and 310 K showed a 
large change in α and ρ as the field is swept from H = 0 to 3 T. No hysteresis 
was observed while reducing the field to zero.  In order to seek a correlation 
between the MR and the MTEP, we plot [-∆α /α (0)] against [-∆ρ/ρ(0)] for the 
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above temperatures in Fig. 3.50(c). The curves for different temperatures for T 
≥ TC falls on each other suggesting that the MR and MTEP could share a 
common mechanism. The MTEP and the MR are linear at low fields above 
and below TC.  Both MTEP and MR reach a maximum at T = TC. It is 
interesting to note that the maximum ∆α/α(0) at TC reaches 25%  which is 
larger than the dc magnetoresistance (∆ρ/ρ(0) = 14%) for ∆H = 3 T. A close 
connection between MTEP and MR is expected in Mott’s expression for α. 
According to the Mott’s model, diffusive component of α is dependent on the 









where, e is the elementary charge of the carrier, and 
'( ) ( ) /
FF E E
E       . If we assume ρ′(EF) = constant, then ∆α/α ∆ρ/ρ. 
Magnetoresistance around TC in manganites does not originate only 
from the suppression of spin fluctuations but also from the magnetic field 
dependence of spin-phonon coupling as suggested by magneto-thermal 
conductivity study.189 Spin-phonon coupling originates from presence of lattice 
polarons that form when eg electron in the paramagnetic state localizes on a 
Mn
3+
 site inducing a local Jahn-Teller distortion of the MnO6 octahedra. The 
lattice polarons in manganites also have magnetic cloud around them (known 
as magnetic polaron) and they form at temperature T ≈ 1.8 TC. They grow in 
density and size as the TC is approached as suggested by combined studies of 
thermal expansion and small angle neutron scattering under a magnetic field in 
Y-doped La0.67Ca0.33MnO3.
190 The application of magnetic field near the TC 
causes the magnetic polarons to coalesce and in that process eg electron 
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becomes delocalized. This leads to a large negative MR and it may also 
contribute to the observed MTEP apart from field-induced suppression of spin 
fluctuations. A close correlation between MTEP and MR was also seen in 
granular giant magneto-resistive granular alloys 191  and more recently in 
magnetic tunnel junction, where MTEP is connected with the asymmetry in 
the density of states for spin up and down bands.192 
 
Figure 3.51: (a) ∆α vs ∆Sm and (b) α(H)/α vs H/T for x =0.4. 





194   the origin of  MTEP was 
suggested to suppression of the  spin entropy of Co
3.5+
 ions under a magnetic 
field, and a scaling relation between ∆α(H)/α and µ0H/T was demonstrated. 
We have also attempted such a scaling in our compound. In Fig. 3.51(b) we 
plot α(H)/αversus H/T. However, we fail to observe a scaling behaviour in our 
sample which suggests that there are additional contributions other than spin 
entropy alone to observed MTEP.  
 107 
 




where σ is the total entropy and N is the carrier concentration) 
Hence, we look for possible correlation between changes in the magnetic 
entropy (-∆Sm = [Sm(μ0H)-Sm(0)] ) and thermopower [∆α = α(μ0H)-α(0)].  In 
Fig. 3.51(a) we plot, ∆αversus -∆Sm.  It is found that the curves at different 
temperatures are nearly linear though they don’t coalesce. It should be noted 
that the estimated entropy change from applying the Maxwell relation to the 
magnetization isotherms is not just the spin entropy (Sm) alone but it is sum of   
contributions from lattice (Slattice), charge carrier entropy (Se), and spin entropy 
(Sm). Generally, Slattice is taken to be independent of magnetic field in a second 
order PM-FM transition. Since this compounds shows appreciable 
magnetoresistance, the charge carrier entropy is also affected with the 
magnetic field besides the spin entropy. We have seen a close correlation 
between the magnetothermopower and magnetoresistance in Fig. 3.50(c), the 








Figure 3.52: Temperature dependence of the ac resistance (R) and reactance (X) 
for selected frequencies (f = 1, 5 and 10 MHz) under different dc magnetic fields 
(μ0H = 0, 300, 500, 700 Oe and 1 kOe) for x = 0.4. 
Figure 3.52 shows the temperature dependence of the ac resistance (R) 
and reactance (X) of Pr0.6Sr0.4MnO3 for three frequencies, f = 1, 5 and 10 MHz 
measured in zero and low dc magnetic fields (H = 300 Oe, 500 Oe, 700 Oe, 
and 1 kOe). When f = 1, 5, a small step like increase in R occurs around TC = 
304 K. The feature is more pronounced for f = 10 MHz. We can also see a 
step-like decrease at TS = 86 K, which closely correlates with the 
magnetization data.  The applied magnetic field decreases the magnitude of 
anomaly at TC and TS. Under a magnetic field of H = 1 kOe, the step-like 
increase at TC is completely suppressed leading to ac magnetoresistance of -
4%. This value is an order of magnitude smaller than the ac magnetoresistance 
near TC found in La0.7Sr0.3MnO3.
195 In contrast to the ac resistance, X(T)  in 
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zero field shows clear anomalies at TC and TS even for  f = 1 MHz. The 
anomalies are clearly suppressed with increasing dc magnetic field.  There is a 
qualitative change in the behaviour of X(T) at  f = 10 MHz.  Below 200 K, 
X(T) raises with lowering temperature unlike for f = 1 and 5 MHz. In the 
absence of theoretical model of ac electrical transport, the features observed in 
the ac resistance and the reactance can be only qualitatively explained as 
follows. The flow of ac current through the sample creates an oscillating 
circular magnetic field transverse to the direction of the current.  The ac 
magnetic field is produced roughly 20 mOe.  At low frequency, the current 
flows through the bulk of the sample but as the frequency increases current 
flow tends to migrate towards surface.  High frequency current flows in a shell 
of skin depth thickness𝛿 = (1/𝜋𝑓𝜇0𝜇𝑡)
1/2  from the top and bottom surfaces 
of the sample.  
The ac impedance of the sample is Z(f, T, μ0H)  = R(f, T, μ0H)+iX (f, T, 
μ0H) where R is the ac resistance and X is the reactance. The reactance X = 
2𝜋fL is due to the self-inductance (L) of the sample which is related to the ac 
transverse permeability of the sample (L=Gµt where G is the geometrical 
factor and µt is the transverse permeability). When the skin depth is larger than 
thickness of the sample, current flow is uniform in the sample. The circular ac 
magnetic field created by the ac current interacts with the magnetization of the 
sample. At the onset of ferromagnetic transition, the µt in zero external 
magnetic field increases rapidly which causes the L, hence the X(T),  to 
increase abruptly at TC. The decrease of X(T) around TS = 86  K indicates the 
decrease of  µt due to the structural phase transition. In the presence of an 
axially applied dc magnetic field, µt is expected to decrease since the small ac 
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magnetic field becomes inefficient to rotate the magnetization away from the 
direction of the dc magnetic field. Hence, the maximum decrease of µt occurs 
at temperatures just below the TC. Hence, the X(T) just below TC decreases 
with increasing μ0H. As the frequency increases, the skin depth also decreases 
which causes the ac resistance (R) to increase since the available cross 
sectional area for the current flow decreases.  Since δ 1/(fµ), R increases  
abruptly at T = TC and also shows a feature at T= TS when f = 10 MHz.  The 
decrease in skin depth also affects the behaviour of the reactance. The 
transverse permeability decreases and henceµ increases with increasing 
strength of the dc magnetic field, which results in suppression of the ac 
resistance near TC. The magnitude of ac magnetoresistance depends on the 
resistivity and transverse permeability of the sample.  Due to high value of 
transverse permeability (µ ≈ 104) and low resistivity (ρ= 100- 400 µΩ cm), 
amorphous and nanocrystalline alloys show much larger ac magnetoresistance 
(= 70-90 % for H = 10-100 Oe) than manganites but it saturates in kOe field.196 
3.4.8: Summary 
 
Single phase polycrystalline Pr1-xSrxMnO3 (x = 0.1, 0.2 and 0.3) were prepared 
by conventional solid state reaction. 
1. It was shown that the tuning of Curie temperature of Pr1-xSrxMnO3 
increases from 120 to 304 K for x = 0.4. The x = 0.5 composition 
exhibits both paramagnetic to ferromagnetic transition (TC = 260 K) 
and ferromagnetic to antiferromagnetic transition (TN = 150 K). The 
later transition is first order, whereas the former (PM-FM) transition 
is 2
nd
 order. The x = 0.54 samples directly transforms from 
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paramagnetic to antiferromagnetic phase (TN = 203 K) through first 
order transition. 
2. The M(T) of x = 0.4 and 0.42 samples show step-like decrease at 
temperature TS, much below the ferromagnetic transition. It is 
suggested that this anomaly is due to structural transition 
(orthorhombic to monoclinic) as seen in neutron diffraction. The 
structural transition leads to inverse magnetocaloric effect at TS 
whereas, normal magnetocaloric effect peaks at TC. 
3. Pr1-xSrxMnO3 series exhibits large and reversible magnetocaloric 
effect below and near room temperature. The peak in -∆Sm versus T, 
i.e. maximum of entropy change can be tuned through a wide 
temperature region which is much desirable for practical applications. 
Both normal and inverse MCE are observed in this Pr1-xSrxMnO3. 
4. First time we reported inverse-MCE due to the structural transitions 
and large MCE at room temperature in x = 0.4 and 0.42. Interestingly, 
the sample x = 0.3 shows very large change of magnetic entropy, -∆Sm 
= 3.75 (6.18) J/kg.K for ∆H = 2(5) T and near room temperature (TC = 
260 K). The symmetric nature of -∆Sm versus T curves at TC also 
suggests the magnetic phase transitions are of second order in nature. 
5.  Pr1-xSrxMnO3 shows unusual electrical properties such  as, 
ferromagnetic metallic, ferromagnetic insulating, insulator to metal 
transitions and paramagnetic metallic etc., ρ(T) of x = 0.1 shows 
ferromagnetic insulating behaviour in zero and 5T fields.  Both x = 
0.2 and 0.3 show large negative magnetoresistance. 
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6. α (T)of x = 0.1 increases as lowering T and reaches large value of 364 
µV/K, both x = 0.2 and 0.3 show a positive peak in thermopower. The 
negative magnetothermopower of x = 0.2 reaches 87% with ∆H = 5T.  
α(T)shows sharp slop change and large negative MTEP at Curie 
temperature in x = 0.4 and 0.5.The field is induced transition with 
75% of negative magneto-thermopower at TN.  
The large difference between the activation energies of resistivity and 
thermopower of Pr1-xSrxMnO3 confirms that the electrical and thermal 
transports follow the small polaron hoping mechanism. We showed 
that the magnetic entropy change, electrical resistivity and 
thermopower are strongly affected at magnetic phase transitions. 
7. We found close correlations among field dependence of resistivity, 
thermopower and magnetization above Curie temperature in all 
samples. We also found the correlation between magnetoresistance, 
magnetothermopower and magnetic entropy change in x = 0.4.  
8. We have also shown that ac electrical transport enacts the behaviour 
of the ac susceptibility and it provides a simple method of 











Chapter-4: Magnetic, electrical, magnetocaloric and 




In this chapter, magnetization, electrical, magnetocaloric and 
thermoelectric properties of Sm doped Pr0.6Sr0.4MnO3
 
and Pr0.8Sr0.2MnO3, are 
discussed, while carrier concentration (number of holes) is unchanged.  
Ferromagnetic Curie temperature (TC) of Pr0.6-xSmxSr0.4MnO3 and Pr0.8-
xSmxSr0.2MnO3 series decreases with increasing Sm content. The order of 
magnetic transition i.e. paramagnetic (PM) to ferromagnetic (FM) transition 
changes from second order to first order with increasing Sm content in Pr0.6-
xSmxSr0.4MnO3.  The parent compound, Pr0.6Sr0.4MnO3 (x = 0) shows second 
order PM to FM transition and the end compound Sm0.6Sr0.4MnO3 (x =0.6) 
shows a first order PM to FM transition. The dc electrical resistivity shows 
insulator to metal transition for all compositions of Sm around TC. Whereas, 
the insulator to metal transition is absent for x ≥ 0.2 in Pr0.8-xSmxSr0.2MnO3. 
The temperature and magnetic field dependent thermoelectric properties with 












The change in magnetic entropy is directly proportional to the rate of 
change of the magnetization. The magnetocaloric effect (MCE) is greatly 







 etc., due to the rapid 
change of M(T) at TC. Close to the TC, field induced meta-magnetic transition 
(rapid increase of M(H)) is generally found in these compounds which 
enhances the magnetic entropy change. In previous chapter-3, the 
magnetocaloric properties of Pr1-xSrxMnO3 (0.1 ≤ x ≤ 0.42) at TC were 
discussed.   
Hole-doped narrow bandwidth Sm based manganites, Sm1-xSrxMnO3 
have shown several magnetic and electrical properties compared to other Nd, 
Pr, La based manganites. Predominantly, colossal magnetoresistance, both 
first and second order magnetic phase transitions, insulator to metal 
transitions, charge/spin ordering, ferromagnetic insulating and metallic 
behavior, Sm-4f and Mn-3d spin interactions have been observed.
200,201
 A. I. 
Kurbakov et al. reported the phase diagram of Sm1-xSrxMnO3 for 0.16 ≤ x ≤ 
0.67.
202
 Particularly, Sm0.6Sr0.4MnO3 shows the first order PM to FM 
transition at TC = 140 K and a small anomaly at T
*
 = 40 K due to 3d-4f 
antiferromagnetic interaction. V. B. Naik et al. reported the evolution of the 
low temperature anomaly at T* with non-magnetic La doping.
203
   
The electrical and magnetic properties of the hole doped manganites 




 cations and cationic size of Ln-
site. The thermopower study of Sm doped Pr1-xSrxMnO3, where the carrier 
concentration is fixed, is very helpful to reveal the effect of magnetic phase 
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transitions on the thermopower. So far, there are no magnetocaloric and 
magneto-thermopower (MTEP) studies on Sm doped Pr1-xSrxMnO3 (x = 0.2 
and 0.4) are reported. In addition, the nature of PM to FM transition is 
analysed by Arrott plot and universality master curve for change in the 
entropy.  
4.3: Sample preparation and experimental details 
 
Polycrystalline Sm-doped Pr1-xSrxMnO3 for x = 0.2 and 0.4 were 
prepared by the solid-state method. Sm2O6, Pr6O11, SrCO3 and MnO2 were 
used as starting materials. After initial mixing of appropriate molar ratio and 
grinding, compound were annealed at 1000 ºC, 1100 ºC and 1200 ºC each for 
12 hours and subsequently final sintering of pellets were carried out at 1200 ºC 
for 24 hours. Temperature and field dependence of magnetization and dc 
electrical resistivity were measured by using Physical Property Measurement 
System (PPMS) (Quantum Design Inc., USA) equipped with vibrating sample 
magnetometer probe. The temperature and field dependent thermopower was 





4.4.1: Results and discussion  
 
4.4.1.1: X-ray powder diffraction and crystal structure analysis 
 
The room temperature X-ray powder diffraction results confirmed that 
all samples are in single phase with orthorhombic crystal structure (Pnma 




          Figure 4.53: Powder X-Ray diffraction of Pr1-xSmxSr0.4MnO3 (0 ≤ x ≤ 0.6) 
 
4.4.1.2: Temperature and field dependent magnetization  
 
 
Figure 4.54: Temperature dependence of field cooled cooling (FCC) and field 
cooled warming (FCW) dc magnetization (M(T)) curves of Pr0.6-xSmxSr0.4MnO3 
under µ0H = 0.1 T.  
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Figure 4.54 shows the FCC and FCW M(T) curves of Sm doped Pr0.6-
xSmxSr0.4MnO3 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6)  under µ0H = 0.1T field. 
While cooling, M(T) of Pr0.6Sr0.4MnO3 undergoes a second order PM to FM 
transition at TC  = 305 K and first order structural transition at TS = 86 K, 
which are confirmed by the absence and presence of thermal hysteresis 
between FCC and FCW M(T) curves at their respective temperatures. The 
FCC-M(T) curves show decrease in TC with increasing Sm content (TC = 305, 
283, 257, 230, 188, 151 and 124 K for x = 0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6, 
respectively). The FCC-M(T) of x = 0.6 shows a sharp rise in the 
magnetization and the thermal hysteresis (∆T = 8 K) between FCC and FCW 
curves indicating that the PM to FM transition at TC = 124 K  is first order in 
nature. The magnetization results indicate that the nature of PM to FM phase 
transition changes from 2
nd
 order (x = 0) to 1
st
 order (x = 0.6) in nature with 
increasing Sm content.  
Interestingly, FCC-M(T) curves of Pr0.6-xSmxSr0.4MnO3 show unusual 
anomalies at low-T. The step-like decrease of M(T) around TS = 86 K in x = 
0.0 disappears in x = 0.1 but M(T) shows a tendency to increase below T~ 40 
K. However, M(T) of x = 0.2-0.6 shows a peak, which shifts to high 
temperature with increasing Sm (T* = 12, 20, 26, 29 and 32 for x = 0.2, 0.3, 
0.4, 0.5 and 0.6, respectively). The x = 0 shows the first order structural 
transition at TS = 86 K and it is attributed to the structural transition from 
orthorhombic to monoclinic transition, which is confirmed by the neutron 
diffraction results.
205
 We proposed that the low temperature anomaly at T
*
 is 
due to the polarization of Sm-4f electron spins antiparallel to Mn-3d sub-
lattice at low temperature. The ordering of 4f moment induced by the 
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exchange field of Mn lattice at T = T
*
 was also found in Sm0.6-xLaxSr0.4MnO3 
and Sm0.7-xLaxSr0.3MnO3 series and reported that T* was found to shift up with 
increasing La content from 30 to 120 K.
206,207  
The inset of Fig. 4.2 shows the 
variation of TC (left) and T
*
 (right scale) as function of Sm content. The 
smaller ionic radius of Sm (<rSm> = 1.132 Å) than the Pr (<rPr> = 1.179 Å) 
causes to decrease the Mn-O-Mn bond angle and eg-one electron bandwidth, 









Figure 4.55: The field dependence of magnetization (M(H)) isotherms of Pr0.6-
xSmxSr0.4MnO3 for x = 0, 0.3, 0.5 and 0.6 at 10 K. 
 
Figure 4.55 shows the isotherms of field dependence of the 
magnetization (M(H)) at 10 K for Pr0.6-xSmxSr0.4MnO3 (x = 0, 0.3, 0.5 and 0.6) 
ZFC samples. The M(H) curves show soft ferromagnetic nature with the 
saturation magnetization MS = 3.56, 3.53,3.52 and 3.43 µB/f.u. for x = 0, 0.3, 
0.5 and 0.6, respectively. The decrease in MS with Sm content can be attributed 
to increase of antiferromagnetic Sm-4f electron interactions with Mn-3d-
electons. 





































Figure 4.56: (a), (b) and (c) Isotherms of field dependent magnetization (M(H)) 
and (d), (e) and (f)  Arrot plots, M
2
 versus H/M for x = 0.3, 0.5 and 0.6, 
respectively. 
 
Figure 4.56(a), (b) and (c) show the isotherms of field dependent 
magnetization M(H) loops i.e., 0 to 5 T and 5 to 0 T field sweeps around the 
TC with temperature interval of ∆T = 5 K for  x = 0.3, 0.5 and 0.6, respectively. 
The M(H) isotherms of x = 0.3 does not show hysteresis while increasing and 
decreasing field. On the other hand, M(H) of x = 0.3 and 0.6 show field-
induced metamagnetic transition close but above TC. The metamagnetic 
transition is clear in x = 0.6 compound to x = 0.5 and a hysteresis is observed 
between ascending and descending branches of the field. It was suggested that 
ferromagnetic clusters (magnetic polarons) exist in the paramagnetic phase of 
x = 0.6 in zero magnetic field.  The meta-magnetic transition observed above 
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In the previous chapter, positive slope in Arrott plots is found for x = 0 
i.e the phase transition is in second order. Figure 4.56(d), (e) and (f) show the 
Arrott plots, M
2
 versus H/M for x = 0.3, 0.5 and 0.6, respectively. The slopes 
of the Arrott plots can determine the order of PM to FM phase transition. The 
positive slope of Arrott plots for x = 0.3 indicates that the PM to FM transition 
is second order in nature and the negative slope of Arrott plots for x = 0.6 
indicate that the PM to FM transition is of the first order nature. However, the 
Arrott plots of x = 0.5 show positive slope for low fields and negative slope at 
high magnetic fields. From this result, it is very difficult to estimate the order 
of PM to FM magnetic phase transition.   











Figure 4.57: Temperature dependent isothermal magnetic entropy change (–
∆Sm) of Pr0.6-xSmxSr0.4MnO3 for x = 0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 under the field 
change (∆H) of (a) 3 T and (b) 5 T.   
We have estimated the isothermal magnetic entropy change (-∆Sm) by 













































magnetization curves by using the following relation:  ∆𝑆𝑚 = ∫ (𝑑𝑀/
𝐻
0
𝑑𝑇)𝐻𝑑𝐻. Figure 4.57(a) and (b) show the negative isothermal change in the 
magnetic entropy (-∆Sm) as a function of temperature for Pr0.6-xSmxSr0.4MnO3 
with the field change of ∆H = 3 and 5 T, respectively. Noticeably, -∆Sm versus 
T curves show maximum near Curie temperature which indicates that the 
maximum change in -∆Sm occurs at the ferromagnetic transition. The negative 
change in the magnetic entropy, i.e. positive peak in ‘-∆Sm’ versus T curve, 
referred as normal MCE. Much below the ferromagnetic transition, ‘-∆Sm’ 
versus T curves change sign from positive to negative below 100 K at TS and 
T*. The negative value in ‘-∆Sm’ is referred as the inverse magnetocaloric 










Figure 4.58: (a) –∆Sm
max
 versus ∆H and (b) RC versus ∆H of Pr0.6-xSmxSr0.4MnO3 
for x = 0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6. 
 




In addition to a large -∆Sm, a large refrigerant capacity (RC) is highly 
preferred for practical refrigeration applications. Figure 4.58(a) and (b) show 
the peak value of -∆Sm
max
 and the RC as a function of field change (∆H) for all 
samples, respectively. The compound x = 0.6 shows large change in -∆Sm of 
3.76 (7.6) J/kg.K and RC of 45 (248) J/kg for the field change of ∆H = 1 (5) T. 
The existence of field induced meta-magnetic transitions in x = 0.5 and 0.6 
help to reach large value of -∆Sm compared to other samples. Interestingly, the 
RC values of all these samples are reasonably good.   
 
Table 4.5: Maximum isothermal entropy change (∆Smax) and refrigeration 
capacity (RC) under different ∆H of Pr0.6-xSmxSr0.4MnO3 (0 ≤ x ≤ 0.6).   
 
 
4.4.1.5: Master Curves: Universality behavior of entropy change  
 
Franco et al. proposed a universal master curve for a second order PM 
to FM phase transition where all curves corresponding to different magnetic 
fields of the ∆Sm = (∆Sm/∆Smax) versus reduced temperature θ = ((T-TC)/(Tr-
TC)) collapse into a single curve. In the previous chapter, we confirmed that 
the magnetic phase transition for Pr0.6Sr0.4MnO3 is second order phase 
transition by Arrott plot and universal master curve of entropy. Fig. 4.59(a) (b) 














Figuire 4.59: Universal master curve –∆Sm versus θ of Pr0.6-xSmxSr0.4MnO3 for 
(a) x = 0.3, (b) 0.5 and (c) 0.6.    
Fig. 4.59(c) clearly shows that all curves do not collapse into a single 
master curve, suggests that the magnetic phase transition from PM to FM is 
not second order. The little dispersions of -∆Sm versus θ curves for x = 0.3 and 
0.5 indicate the existence of mixed magnetic phases in magnetic phase 
transition.
208
 For negative value of θ, large distortion from master curve is 
seen in x = 0.6 sample. This could be due to field induced first order 





































4.4.1.6: Temperature dependent dc-electrical resistivity and thermopower 
 
 
Figure 4.60: Temperature dependence of (a). Resistivity, (T) and (b) 
Thermopower, α(T) under µ0H = 0 of Pr0.6-xSmxSr0.4MnO3 for x = 0, 0.1, 0.2, 0.3, 
0.4, 0.5 and 0.6.    
Fig. 4.60(a) and (b) show the temperature dependence dc electrical 
resistivity (ρ(T)) and the thermopower (α(T)) of Pr0.6-xSmxSr0.4MnO3  for x = 0, 
0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 under µ0H = 0 T. The magnitude of resistivity 
increases with increasing Sm content. While lowering the temperature, ρ(T) 
shows semiconductor behavior in paramagnetic state and undergoes insulator 
to metal transition (IMT), at T = TIM  for all samples. The IMT in ρ(T) occurs 
at lower temperature TIM = Tp = 213 K than the TC = 305 K for x = 0 due to 
grain boundary effect. Gradually, the deviation between TIM and TC decreases 
with increasing Sm content. TIM for x > 0.3 coincides with the Curie 
temperature TC. The α(T) of all samples show negative value for whole 
measured temperature range from 360 K  to 30 K as shown in Fig. 4.60(b). 
The negative value of α(T) increases with increase in Sm content (α = - 22, -
23, -24, -25, -29, -33 and -39 µV/K for x = 0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6, 
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respectively) at 350 K. The α(T) of x = 0 decreases smoothly (α becomes less 
negative) as TC is approached from the high temperature side. Whereas, α(T) 
increases for x ≥ 0.2 and shows anomaly above Curie temperature at Tα and 
starts to decrease as TC is approached.  A rapid change in α occurs around TC, 
and then it decreases smoothly towards zero in the ferromagnetic state.  















Figure 4.61: (a) (T) and (b) α (T) of Pr0.6-xSmxSr0.4MnO3 for x = 0, 0.3, 0.5 and 
0.6 under µ0H = 0 (open) and 5 T (closed symbol), (c) negative magnetoresistance 
and (d) negative magnetothermopower as a function of temperature of Pr0.6-
xSmxSr0.4MnO3 for all x = 0-0.6 with the filed change of ∆H = 5 T.   
 
Fig. 4.61(a) and (b) show ρ(T) and α(T) of Pr0.6-xSmxSr0.4MnO3  for x = 
0, 0.3, 0.5 and 0.6 under µ0H = 0 (open symbol) and 5 T (closed symbol), 
respectively.  The ρ(T) and α(T) clearly show shift of TIM  and sharp rise in the 
thermopower to high temperatures under µ0H = 5 T. Curiously, the 






































































change in the thermopower is observed at TC and becomes field independent 
below TC, even though presence of magnetoresistance below TC. The sharp 
change in thermopower at Curie temperature indicates that the magnetic spin 
order parameter plays an important role on thermopower. Fig. 4.61(c) and (d) 
show negative magnetoresistance and magnetothermopower of Pr0.6-
xSmxSr0.4MnO3 for x = 0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 with the field change of 
∆H = 5 T, respectively. The MR and MTEP increases with increasing Sm. The 
negative MR reaches 96% at TC for x = 0.6. The MR shows a peak at TC for all 
x and increases as lowering temperature for x ≤ 0.3. The negative MTEP 
reaches 75% for x = 0.6 at TC. The observed results show that Curie transition 
temperature and external applied magnetic fields strongly affect the behavior 









Figure 4.62: Field dependent isotherms of Magnetization M(H), (a) x = 0.3 and 
(b) x = 0.5, and  field dependent thermopower (α(H)) for (c) x = 0.3 and (d) x = 
























































































Fig. 4.62(a) and (b) show isotherms of field dependent M(H) for x = 
0.3 and 0.5, respectively at selected temperatures around TC. From the M(H) of 
x = 0.3, there is no field hysteresis and field induced transitions,  whereas x = 
0.5 shows the small field hysteresis and field induced magnetic transitions. 
Fig. 4.62(c) and (d) show isotherms of field dependent α(H) for x = 0.3 and 
0.5, respectively. The α(H) of x = 0.5 shows the sharp rise in the thermopower 
at field induced transitions which suggest that the magnetic ordering affects 
the thermopower behavior.  
 
Figure 4.63: Polaronic fit (a) and (b) ln(/T) versus 1/T and (c) and (d) α(T) versus 1/T of 
Pr0.6-xSmxSr0.4MnO3 under 0 and 5 T, respectively. 
Figure 4.63(a) and (b) show the ln(ρ/T) versus 1/T curves of Pr0.6-
xSmxSr0.4MnO3 for x  = 0, 0.3, 0.5 and 0.6 respectively under µ0H = 0 (open 
symbols) and 5 T (closed symbols). All these curves show a linear behaviour 
at high temperature for T > TC. The activation energies Eρ were estimated 
using equation 𝜌 =  𝜌0𝑇𝑒𝑥𝑝 (
𝐸𝜌
𝑘𝐵𝑇
)  and found that the activation energy 
increases with increasing Sm content. We found Eρ = 117, 150, 165 and 159 
meV under µ0H = 0 T and 64, 133, 157 and 149 meV under µ0H = 5 T fields 
for x = 0, 0.3, 0.5 and 0.6, respectively. The Fig. 4.63(c) and (d) show the α(T) 
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versus 1/T curves under 0 and 5T, respectively for x = 0, 0.3, 0.5 and 0.6. The 
activation energies Eα were estimated from the linear fit of α(T) versus 1/T 






+ 𝑎). We found Eα = 8.6, -4.8, -4.7 and 
11.7 meV under µ0H = 0 T and 12, -4.4, -4.7 and -11.9 under µ0H = 5 T fields 
for x = 0, 0.3, 0.5 and 0.6, respectively.  
4.5: Pr0.8-xSmxSr0.2MnO3 
4.5.1: Temperature and field dependent magnetization 
 
 
Figure 4.64: (a) Temperature dependence of field cooled cooling (FCC) and field 
cooled warming (FCW) dc magnetization (M(T)) under µ0H = 0.1 T and (b) The field 
dependence of magnetization (M(H)) isotherms at 10 K of Pr0.8-xSmxSr0.2MnO3 for x = 
0, 0.2, 0.4, 0.6 and 0.8.  
Figure 4.64(a) and (b) show the FCC and FCW M(T)  under µ0H = 0.1 
T and isotherms  of M(H) on ZFC samples at 10 K of Pr0.8-xSmxSr0.2MnO3  for 
x = 0, 0.2, 0.4, 0.6 and 0.8.  The absence of thermal hysteresis between FCC 
and FCW M(T) curves suggest that the magnetic transition PM to FM 
transition is second order in nature. The TC was found at 163, 132, 113, 98 and 
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89 K for x = 0, 0.2, 0.4, 0.6 and 0.8, respectively. The FCC-M(T) of x = 0.8 
shows the low temperature anomaly at T* much below TC.  The M(H) 
isotherms show soft magnetic nature with decreasing saturation magnetization 
MS decreases (MS = 3.8, 3.77, 3.65, 3.2 and 2.87 for x = 0, 0.2, 0.4, 0.6 and 
0.8, respectively) with increasing Sm.  












Figure 4.65: Temperature dependence (a) Resistivity ((T)) (b): Thermopower 
(α (T)) of Pr0.8-xSmxSr0.2MnO3 for x = 0, 0.2, 0.4, 0.6 and 0.8, respectively under 
µ0H = 0 (open) and 5 T (closed symbol).  
 
Figure 4.65(a) and (b) show ρ(T) and α(T) of Pr0.8-xSmxSr0.2MnO3  for x 
= 0, 0.2, 0.4, 0.6 and 0.8 under µ0H = 0 (open symbol) and 5 T (closed 
symbol), respectively.  The ρ(T)  of x = 0 shows insulator to metal transition 
under 0 T and TIM shifts to high temperature under 5 T. The magnitude of ρ 
and α increase with increasing Sm content at room temperature. The α(T) of x 
= 0 increases as the temperatures lowered and shows a peak at Tα =  195 K 
above TC. As the temperature is further lowered, α(T) drops to smaller 
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negative value and becomes temperature and field independent for T < TC. The 
Tα peak shifts to higher temperature under 5 T to 240 K as like TIM.  The ρ(T) 
of all samples (x ≥ 0.2) shows semiconducting throughout temperature range 
under  µ0H = 0 T as well µ0H = 5 T field.  
Generally, the IMT is a manifestation of the competition between 
double exchange, Jahn-Teller coupling, coulomb interactions and anti-
ferromagnetic super-exchange interactions.
209
 The insulator metal transitions 
and colossal magnetoresistance occur in strong double exchange interaction 
materials. The increase of Sm content decreases the Mn-O-Mn bond angle, 
which causes to decrease the hopping interaction of eg electrons between 
neighboring Mn-cations. Therefore, ρ(T) increases with increasing Sm and 
does not show the insulator to metal transition.    
  The α(T) of x = 0.2 and 0.4 show a peak at Tα = 164 and 155 K under 
0 T. These peaks shifted to Tα = 200 and 188 K by field change of ∆H = 5 T 
with decreasing magnitude. The peak in thermopower of Pr0.8-xSmxSr0.2MnO3 
for x ≥ 0.2 suggests that magnetic ordering is more significant than electrical 
percolation.    
Figure 4.66(a) and (b) show the ln(ρ/T) versus 1/T curves of Pr0.8-
xSmxSr0.4MnO3 for x  = 0, 0.2, 0.4 and 0.8 respectively under µ0H = 0 (open 
symbols) and 5 T (closed symbols) fields. All these curves show a linear 
behavior at high temperature for T > TC. The activation energies Eρ were 
estimated using equation 𝜌 =  𝜌0𝑇𝑒𝑥𝑝 (
𝐸𝜌
𝑘𝐵𝑇
) and found that the activation 
energies increase with increasing Sm content. We found Eρ = 158, 177, 182 
and 191 meV under µ0H = 0 T and 149, 172, 181and 190 meV under µ0H = 5 




Figure 4.66: Polaronic fit (a) and (b) ln(/T) versus 1/T and (c) and (d) α(T) 
versus 1/T of Pr0.8-xSmxSr0.2MnO3 under 0 and 5 T, respectively. 
The Fig. 4.66(c) and (d) show the α(T) versus 1/T curves for x = 0, 0.2, 
0.4 and 0.8 under 0 and 5 T, respectively. The activation energies Eα were 







+ 𝑎). We found Eα = 44, 63, 81 and 66 meV under µ0H = 0 T and 
38.2, 62.8, 77 and 65 meV under µ0H = 5 T field for x = 0, 0.2, 0.4 and 0.8, 
respectively. 
The calculated activation energies of the thermopower, (Eα) are much 
lower than the resistivity activation energies. Such a large difference between 
activation energies for the electrical resistivity and the thermopower is 
considered to be a hallmark of polaronic transport above TC. The fact Eρ > Eα 
is the indication that electrical conduction is due to small polaron hopping 







1. In Pr0.6-xSmxSr0.4MnO3 series, the Curie temperature can be tuned for a 
wide temperature from 305 to 124 K with varying the Sm content. The 
nature of paramagnetic to ferromagnetic phase transition is appraised 
from the thermal hysteresis between FCC and FCW magnetization 
curves and Arrott plots. The magnetic phase transition changes from 
second order to first order with increasing Sm content. The nature of 
magnetic phase transition is also characterized from the slope of Arrott 
plots. 
2. Large MCE, i.e. isothermal magnetic entropy change (-∆Sm), near room 
temperature is found. The MCE is greatly enhanced with increasing Sm 
content through field induced meta-magnetic transitions in the 
magnetization. The -∆Sm peak can be tuned over a wide temperature 
range with large value.   
3. Both normal MCE and inverse MCE in single compound at TC and T* 
are reported. The anomaly at low temperature at T* is attributed to 3d-4f 
antiferromagnetic interaction between Mn and Sm-magnetic sub 
lattices.     
4. The magnitude of electrical resistivity increases with increasing Sm in 
both Pr0.6-xSmxSr0.4MnO3 and Pr0.8-xSmxSr0.2MnO3 series in the 
paramagnetic state. The insulator to metal transition (TIM) is found in 
Pr0.6-xSmxSr0.4MnO3, TIM shifts down to low temperatures with 
increasing Sm. ρ(T) shows ferromagnetic insulating behavior for whole 
temperature range in Pr0.8-xSmxSr0.2MnO3 for x ≥ 0.2.  
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5. The large negative magnetoresistance (96%) and magnetothermopower 
(75%) are found with field change of 5 T in x = 0.6 of Pr0.6-
xSmxSr0.4MnO3. 
6. The ferromagnetic insulators of Pr0.8-xSmxSr0.2MnO3 for x ≥ 0.2, show a 
peak in the thermopower suggesting that the thermopower is less 
sensitive to electrical percolation than magnetic ordering.  
7. The peak and sharp drop in the thermopower at magnetic phase 
transitions and sharp decrease in the magnitude of thermopower at field 
induced transitions suggest that the magnetic ordering plays vital role in 

























Chapter 5: Magnetic, electrical, magnetocaloric and 




In this chapter magnetic, electrical, magnetocaloric (MCE) and 
magnetothermopower (MTEP) properties of monovalent Na doped 
polycrystalline Nd1-xNaxMnO3 (x = 0.1, 0.15, 0.2 and 0.25) are discussed. 
While cooling, the temperature dependence of magnetization (M(T)) shows 
paramagnetic to ferromagnetic transition for x = 0.1, 0.15, 0.2 at Curie 
temperatures, TC = 102, 113 and 99 K, respectively. On the other hand, x = 
0.25 exhibits charge order (CO) state transition at TCO = 180 K followed by 
the charge-exchange (CE) type antiferromagnetic transition at TN = 120 K. DC 
electrical resistivity (ρ(T)) shows the insulating behaviour in all studied 
samples down to the lowest temperature under zero magnetic field. While the 
samples x = 0.1 and 0.15 are remain in an insulating state even under a field of 
7 T. An insulator to metal transition (IMT) is induced in x = 0.2 and 0.25 with 
nearly 100% of magnetoresistance for fields µ0H ≥ 3 T. As x increases, the 
Seebeck coefficient (α) at 350 K decreases in magnitude and changes the sign 
from positive to negative (α = 62.34, 10.54, -5.83 and -11.43  µV/K for x = 
0.1, 0.15, 0.2 and 0.25 respectively) in zero field. Similar to IMT in ρ(T), the 
α(T) also shows a peak under µ0H ≥ 3 T for x = 0.2 and 0.25. Magnetic-field 
induced collapse of antiferromagnetism is found to be accompanied by a giant 
negative magnetothermopower (~100%) and colossal magnetoresistance 
(~100%) in charge ordered compound (x = 0.25). While the field-induced 
meta-magnetic transition in magnetization is reversible upon field-cycling at T 
> 40 K, it is irreversible at lower temperatures and this has impact on 
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magnetoresistance, magnetothermopower as well as change in the temperature 
of the sample. The transport properties of ρ(T) and α(T) are investigated in the 
PM regime. The field dependent linear isotherms are found among 
magnetization, resistivity and thermopower above TC. The nature of 
irreversibility is studied by differential thermal analysis (DTA). Our results 
indicate the high sensitivity of thermopower with the changes in magnetic 





 PrMnO3 and NdMnO3,
211,212,213
 are A-type 
antiferromagnets with Neel temperature TN = 139, 99 and 85K, respectively. 
The studies of magnetic and electrical properties of alkali metal (Na, K, Ag, 
etc.,) doped manganites are relatively less when compared to divalent hole-
doped manganites.
214 , 215 , 216
 The main advantage of monovalent doping is 
creation of more number of charge carriers, i.e. each alkali doped atom 
converts two Mn
3+
 cations to two Mn
4+
 cations, and creates less lattice 
distortion compared to divalent cations. Since, the Na
1+ 
(<rNa> = 1.24 Å) 
cation size is smaller than the Sr
2+
 (<rSr > = 1.31 Å). Thus, doping of Na gives 
more carriers and less change in bond lengths.   
The bond angle of Mn-O-Mn directly depends on the A-site cation 
ionic size. The divalent or monovalent or other rare earth cation doping at A-
site alters the eg-electron bandwidth through Mn-O-Mn bond angle. The ionic 









1.79, 1.63 and 1.132 Å, respectively. The hole doped Pr and Nd-based 
manganites are referred as narrow bandwidth manganites, due to small cation 











 cation has zero 4f-electrons (the electronic configuration 
(EC) of La
3+
 = [Xe]) and thus the magnetic properties of La-based manganites 
are purely due to the interactions among Mn magnetic sub lattices. While, Pr 
and Nd based manganites have shown complex magnetic properties due to the 













) through their interactions with 3d-
electrons of Mn magnetic sub lattices. Importantly, the charge ordering (CO) 
state, TCO, is more sensitive to Ln-cation size. The narrow eg-electron 




 = 1:1, are 
susceptible to show charge ordering.  
5.2.1: Physical properties of Na doped Manganites  
The crystal structure of La1-xNaxMnO3 changes from orthorhombic to 
rhombohedral with increasing Na content.
217
 The magnetic properties of Na 
(<rNa> = 1.24 Å) doped LaMnO3 show an increase in TC with x, and PM to 
FM transition is observed near room temperature.
218, 219, 220 The increase in TC 
is attributed to increase in the Mn-O-Mn bond angle, and the decrease in Mn-
O-Mn bond length leads to the increase the eg-electron bandwidth and 
mobility as similar to the case of La1-xKxMnO3.
221





              
 
Figure 5.67: Resistivity of La1-xNaxMnO3 (0.1 ≤ x ≤ 0.3) as a function of 
temperature.[Adapted from ref 220] 
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The saturation magnetization (MS) increases with increasing Na and 
reaches maximum for x = 0.12 and decreases further with increasing Na.
12
 The 
electrical resistivity of La1-xNaxMnO3 also shows insulator metal transitions, 
but the peak of resistivity for low Na (x < 0.1) content occurred at lower 
temperature than the TC, is attributed to existence of non-uniformity of 
magnetic state.
222
 The resistivity of x ≥ 0.15 exhibits a broad transition at low 
temperature along with small peak at TC.  
 
Figure 5.68: ZFC and FC magnetization data of Pr0.75Na0.25MnO3 as function of 
temperature. (Adapted from Ref. 227) 
The neutron diffraction studies on Pr1-xNaxMnO3 samples revealed that 
with increasing x, the magnetic ordering changes from A-type 
antiferromagnetic (x = 0) through spin-canted arrangements (x = 0.05) to pure 
ferromagnetic (0.1 ≤ x ≤ 0.15).223 Similar to Pr1-xKxMnO3 series,
224
 all the 
samples in Pr1-xNaxMnO3 series show insulating behaviour down to the lowest 
temperature. The magnitude of ρ is decreased due to decrease in the Jahn-
Teller deformation of the MnO6 octahedra with Na doping. On the other hand, 
the FM samples show an insulating ground state with a large 
magnetoresistance. The x = 0.2 shows the charge ordering at TCO = 215 K and 
Pseudo CE AFM ordering at TN = 175 K. The charge-ordered low temperature 
AFM insulating state is destabilized under µ0H = 5T.
225,226
 Charge ordered 
state is also reported in the Pr0.75Na0.25MnO3 with TCO = 220 K.
227
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The thermopower of Pr1-xNaxMnO3 exhibits high and positive value at 
300 K and it decreases from ~350µV/K (x = 0) through ~20 µV/K (x =0.15) to 
negative value ~ -15 µV/K (x = 0.2). The cross over behaviour in 
thermopower, i.e. change in the sign from negative to positive is observed for 
charge ordered compound (x = 0.2) at near TCO.  
 





            Figure 5.69: ρ(T) and α (T) of Pr1-xNaxMnO3.
 
(Adapted from Ref. 223) 
The crystalline structure, magnetic and electrical properties of Nd1-
xNaxMnO3 (0, 0.15 and 0.2) manganites has been reported.
228
 All samples were 
crystallized in orthorhombic structure with Pnma space group. Neutron 
diffraction studies revealed that the A-type AFM structure for x = 0 changes to 
CE-type AFM phase below TN =120 K with charge-ordering transition at high 
temperature TCO = 180 K for x = 0.2 through spin-canted ferromagnetic phase 
for x = 0.15. In comparison to charge ordered state of Pr1-xNaxMnO3 with TCO 
= 215 and 220 K for x = 0.2 and 0.25, the charge ordering is observed at low 
temperatures with TCO = 180 and 175 K in Nd1-xNaxMnO3 for x = 0.2 and 
0.25,
229
 respectively. The charge ordered state in x = 0.2 is destabilized under 
the field of 7T.
230
 One of the compounds Nd0.9Na0.1MnO3 shows high 
saturation magnetization MS = 4.3µB/f.u. with ferromagnetic transition at TC = 
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110 K. The large value of MS is explained as a result of contribution from Nd-
cation. Similar to the Pr1-xNaxMnO3, the temperature variation of dc electrical 
resistivity of Nd1-xNaxMnO3 also shows the insulating behaviour down to 
liquid Helium temperature range under zero field.
21, 231, 232 
The charge ordered 
compounds of Na doped PrMnO3 and NdMnO3 show an insulator metal 
transition under high magnetic fields through destabilization of charge 
ordering state.   
The magnetothermopower studies are limited on di- and mono valent 
doped manganites
233,234 ,235
 and there are no reports of magnetocaloric and 
magneto-thermopower  on Na doped Nd1-xNaxMnO3.  
5.3:  Experimental details 
The polycrystalline Nd1-xNaxMnO3 were prepared by sol-gel method. 
Temperature and field variation magnetic properties were measured using the 
PPMS (Quantum Design Inc., USA) equipped with a VSM. Temperature and 
magnetic field dependence of ρ and α were measured sequentially at each 
temperature and stabilized dc-magnetic field using a homemade set up, which 
was integrated to the PPMS.  
5.3.1 Sample preparation: sol-gel method 
Synthesis of sodium doped manganites with exact composition is much 
difficult due to volatility nature of sodium. Generally, the solid state reactions 
occur at very high temperatures (T = 1000 - 1500
0
C). The sodium doped 
manganites prepared through solid state reaction method have more vacancies 
and deficiency of sodium.
 236 , 237
. The molecular level mixing of reacting 
species in solution phase helps to decrease the energy required to drive the 
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chemical reactions. This is the one of the great advantages with sol-gel 
method. 
 
 Figure 5.70: Schematic diagram of sol-gel and sample sintering process 
Polycrystalline samples of Nd1-xNaxMnO3 (x = 0.1, 0.15, 0.2 and 0.25) 
were prepared by sol-gel method with citric acid as a polymeric precursor 
agent. Stoichiometric amounts of Nd(NO2)3.6H2O, NaCl and Mn(NO3)2.4H2O 
were used as starting precursor materials. Fig. 5.4 shows the schematic 
diagram of sol-gel process and sample preparation for measurements.  
First, the above nitrates along with NaCl were dissolved in deionized 
water, with the aid of a magnetic stirrer in concentric HNO3. Later, two mole 
equivalents of citric acid was added and kept the system at 50 °C for 12 hours 
at 300 rpm. The temperature of the resultant homogeneous solution was then 
slowly raised to 100 °C. The dehydrated viscous gel was further decomposed 
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by raising the temperature slowly at 5 °C/min, until combusted to form a black 
porous mixture (~ 150 °C). The powder was then calcined at 700 °C and 1000 
°C for 12 hrs. After thorough mixing and pelletization, it was sintered at 1050 
°C for another 24 hours and used for experiments.  
5.4: Results and discussion 
5.4.1 Structural Characterization  
Room temperature X-ray powder diffraction patterns were analyzed by 
using the Rietveld refinement method. Fig. 5.71 shows the XRD patterns of 
experimental (symbol) and refined fits (red lines) for all samples Nd1-
xNaxMnO3 (x = 0.1, 0.15, 0.2 and 0.25). The experimental results confirmed 
that all samples are in single phase with orthorhombic crystal structure (space 
group, Pbnm). The lattice parameters and cell volume are tabulated in 
Table.5.1. The cell volume decreases with increasing Na. 
 
    
 
Figure 5.71: Powder X–ray diffraction patterns of Nd1-xNaxMnO3 samples for x 







Table 5.6: Crystal lattice parameters (a, b, c) and cell volume of Nd1-xNaxMnO3 
(0 ≤ x ≤ 0.25) calculated from XRD-Rietveld analysis. 
 




Figure 5.72: M(T) of Nd1-xNaxMnO3 on ZFC (solid line), FCC (closed symbol), 
and FCW (open symbol) for x = 0.1, 0.15, 0.2 and 0.25 under µ0H = 0.1 T. The 
inset shows M(T) of x = 0.25 under µ0H = 0.1 T. 
Figure 5.72 shows the temperature dependence of magnetization M(T) 
of Nd1-xNaxMnO3 (x = 0.1, 0.15, 0.2 and 0.25) under µ0H = 0.1T in various 
modes. In the zero-field- cooling (ZFC) mode, the sample is cooled to 10 K in 
zero field, a desired magnetic field is applied at 10 K and the measurement is 
Parameter 
Orthorhombic-Pbnm 
x = 0.1 0.15 0.2 0.25 
a (Å) 5.427 5.427 5.424 5.412 
b (Å) 5.564 5.464 5.455 5.430 
c (Å) 7.647 7.688 7.679 7.684 
V (Å
3
) 230.899 228.027 227.242 225.830 
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taken while warming. In the field-cooled cooling (FCC) and warming (FCW) 
modes, a desired magnetic field is applied at high temperature and data are 
taken while cooling and warming, respectively. The ferromagnetic Curie 
temperature (TC) is determined from the inflection point of dM/dT curve. Upon 
cooling x = 0.1 and 0.15 show a rapid increase of magnetization at T = TC = 
102 K and 113 K, respectively. The TC further decreases to 99 K for x = 0.2. 
The inset of Fig. 5.72 shows the M(T) of x = 0.25. As lowering the 
temperature, M(T) shows a peak at charge-orbital ordering temperature TCO = 
180 K and a dip at Neel temperature at TN = 120 K with weak ferromagnetic 
character. The magnetization value at 10 K suddenly drops to very low for x = 
0.2 and 0.25. This suggests that the magnetic ground state of x = 0.2 and 0.25 
is different from that of x = 0.1 and 0.15. All samples show the deviation 
between ZFC and FCW magnetization curves, which suggests the existence of 
spin glass and mixed magnetic ground states. 
To study the effect of magnetic field on magnetic ground state at lower 
temperature, M-T is performed under different magnetic field strength for all 
compositions. Fig. 5.73(a) and (b) show the M(T) curves of ZFC, FCC and 
FCW of  x = 0.1 and 0.2, respectively under different H. Under low field of 
µ0H = 0.1 T, both x = 0.1 and 0.2 show the deviation between ZFC and FCW 
curves. We observed that this deviation disappears for x = 0.1 under µ0H ≥ 1 
T, whereas, a strong deviation observed between ZFC and FCW curves up to 




















Figure 5.74: M(T) of  x =0.25, (a) under µ0H = 1, 1.5 T and (b) under µ0H = 2, 3, 
5 and 7 T. Inset 5.11(a) shows M(T) under µ0H = 0.1 T and Inset 5.73(b) Field 
dependence of TCO (open star) and TC while cooling (open symbol) and warming 
(closed symbol).  
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The inset of Fig. 5.74(a) shows M(T) of x = 0.25 at μoH = 0.1 T in the 
ZFC, FCC and FCW modes. M(T) varies very little with temperature until 40 
K in the ZFC mode, then decreases rapidly, goes  through a dip around the 
Neel temperature, TN = 120 K and a peak at TCO = 180 K. On the other hand, 
the FCC curve diverges from the ZFC curve below 40 K and it continues to 
increase with lowering the temperature. The rapid increase of FCC-M(T) 
below 120 K suggests that the samples undergoes a pseudo CE-type 
antiferromagnetic state in which antiferromagnetically ordered Mn spins are 
canted.
  
Main panel of Fig. 5.74(a) shows M(T) at µ0H = 1 and 1.5 T. The 
difference between ZFC and FCC magnetization is hardly recognizable at µ0H 
= 1 T and the FCC and FCW curves exhibit a small hysteresis as like the data 
for 0.1 T. In contrast, FCC and FCW curves show pronounced hysteresis in 
the temperature range T = 40-120 K under 1.5 T, and the ZFC curve diverges 
from the FCW-M(T) below 120 K. This difference suggests a dramatic change 
in the magnetic ground state when the field exceeds 1 T. 
Figure 5.74(b) shows M(T) of x = 0.25 at µ0H  = 2, 4, 5 and 7 T. While 
the ZFC curve shows a strong deviation from the FCW curves for µ0H = 2 and 
3 T, the difference vanishes and hysteresis width decreases at 5 T and 7 T. 
Surprisingly, the temperature at which M(T) rises rapidly during FCC shifts to 
higher temperature with increasing H contrary to downward shift expected for  
an antiferromagnetic transition. It implies stabilization of ferromagnetic state 
at µ0H > 1 T. The ferromagnetic Curie temperature TC, defined as the 
minimum in dM/dT of the rapidly ascending part of FCC-M(T) or descending 
part of FCW-M(T)  increases with increasing H. The field dependence of TC 
along with TCO is shown in the inset of Fig. 5.74(b). The TCO decreases from 
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185 K to 175 K as H changes from µ0H = 0.1 T to 5 T, and TC increases from 
49 K for 170 K for µ0H = 1.5 T to 7 T. It suggests that the antiferromagnetic 
ground state transforms into a ferromagnetic state through a first-order phase 
transition above 1 T and hence TC shifts up with increasing magnetic field.  
 
 
Figure 5.75: M(H) isotherms of ZFC Nd1-xNaxMnO3 for x = 0.1, 0.15, 0.2 and 0.25 at 10 
K.  
Figure 5.75 shows the field dependence of magnetization at 10 K of 
Nd1-xNaxMnO3 for x = 0.1, 0.15 and 0.2 measured on ZFC samples. The M(H) 
of x = 0.1 and 0.15 show soft ferromagnetic nature with saturation 
magnetization values of MS = 3.67 and 3.96 µB/f.u., estimated from the linear 
extrapolation of high field magnetization to the zero field, respectively. The 
MS of x = 0.15 is slightly larger than the theoretical value 3.7 µB/f.u.. The 
value of magnetization has reached 4.05 and 4.3 µB/f.u. at 7 T field for x = 0.1 
and 0.15, respectively. These values are higher than the theoretical values 3.8 
and 3.7 µB/f.u. for x = 0.1 and 0.15, respectively, which could be due to the 
ferromagnetic contribution of Nd moments. Whereas, the M(H) of  x = 0.2 and 
0.25  samples, varies linearly for low magnetic fields. The M(H) of x = 0.2 
increases linearly without saturation up to 7 T with MS = 1.98 µB/f.u. whereas, 
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in x = 0.25 sample, M(H) varies linearly and undergoes meta-magnetic 
transition at the threshold field of Hth = 4.6 T and reaches the saturation 
magnetization value of MS = 3.58 µB/f.u. little larger than the theoretical value 
3.5 µB/f.u.. Upon completion of meta-magnetic transition, the compound x = 
0.25 becomes a soft ferromagnetic in consecutive magnetic field cycles. In 
contrast to reversible magnetization shown by x = 0.1 and 0.15, the samples x 
= 0.2 and 0.25 exhibit the irreversible behaviour, i.e., the initial M-H curve 
from 0 to 7 T lies out the M-H loop traced from +7 T to -7 T and back to +7 T.   
5.4.3: Magnetocaloric effect (MCE) 
 
 
Figure 5.76: (a) and (b) M(H) isotherms; (c) and (d) Isothermal magnetic 
entropy change (-∆Sm) as a function of temperature for different magnetic field 
changes for x = 0.1 and 0.15, respectively. 
 
Figure 5.76(a) and (b) show the isotherms of field dependence 
magnetization M(H) loops (0  5  0 T)  from 10 to 165 K with temperature 
interval of ∆T = 5 K for x = 0.1 and 0.15. Hysteresis in M(H) loops was not 
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found. We have estimated the isothermal magnetic entropy change (-Sm) 
using Maxwell relation (Eq.1) and its approximated numerical equation 
(Eq.2): 








   -------- (1) 
 and 
−∆𝑆𝑚 =  ∑  
1
𝑇𝑖+1−𝑇𝑖
 (𝑀𝑖 − 𝑀𝑖+1)∆𝐻𝑖𝑖   -------- (2) 
where, Mi and Mi+1 are the magnetization at temperatures Ti and Ti+1, 
respectively. Fig. 5.76(c) and (d) show the temperature dependence of 
isothermal negative change in magnetic entropy (-∆Sm) under different 
magnetic fields for x = 0.1 and 0.15, respectively. The calculated values of -
∆Sm shows positive sign and a peak at 107.5 and 112 K for x = 0.1 and 0.15, 
respectively. The positive sign of ‘-∆Sm’ indicates the normal MCE. i.e. 
magnetic entropy decreases upon applying magnetic field. It is noted that, -
∆Sm becomes negative (inverse MCE) below 50 K for ∆H = 1 T and the sign 
changes to positive at high fields in both the samples. It is important to note 
that, with increasing ∆H, value of -∆Sm shows a tendency to increase below 50 
K, instead of -∆Sm  0, which is expected for a ferromagnet much below TC. 
The non-vanishing behaviour -∆Sm at low temperature can be attributed to re-







RC S T dT   is another important parameter for potential applications 
of magnetic refrigerator. The parameter quantifies the heat transfer between 
the hot and cold reservoir in an ideal Carnot cycle. T1 and T2 are taken as the 
extreme temperatures corresponding to full width at half-maximum of -∆Sm 




Figure 5.77: RC (left scale with closed symbol) and -∆Smax (right scale with open 
symbol) as a function magnetic field µ0H for x = 0.1 (circle symbol) and 0.15 
(square symbol) samples respectively.   
The Fig. 5.77 shows RC (left scale) and  −∆𝑆𝑚
𝑚𝑎𝑥 (right scale) versus 
magnetic field change (∆H), for both x = 0.1 and 0.15. The maximum change 
in magnetic entropy, −∆𝑆𝑚
𝑚𝑎𝑥 = 3.82 (1.93) and 3.88 (2.08) J/kg.K and 
refrigeration capacity, RC = 252 (88) and 268 (92) J/kg were observed for the 
field change of ∆H = 5 T (2 T) for x = 0.1 and 0.15, respectively.   
 x = 0.1 x = 0.15 
µ0H (T) ∆S
max 
(J/kg.K) RC (J/kg) ∆Smax (J/kg.K) RC (J/kg) 
1 1.09 38.88 1.24 40.51 
2 1.93 88.4 2.08 92.32 
3 2.64 141.54 2.76 146.67 
4 3.26 198.03 3.34 208.57 
5 3.84 251.71 3.87 268.12 
 
Table 5.7: Maximum isothermal magnetic entropy change and refrigeration 












Figure 5.78: M(H) isotherms of Nd1-xNaxMnO3 for x = 0.2 at different 
temperatures on ZFC.  
Fig. 5.78 shows the M(H) at 10, 40, 70, 125 and 105 K (inset for 50 K) 
for x = 0.2, while sample was cooled in zero field. Unlike at 10 K, M at 40 K 
increases rapidly. The threshold value, Hth decreases with increase in 
temperature for M(H) isotherms above 60 K, and the irreversibility nature 
disappears above a threshold field Hth = 3.2 T, and reaches a value of 3.56 
µB/f.u., which is much larger than the 10 K value. Upon reducing the field, 
M(H) behaves like a soft ferromagnet. The irreversibility seen in the 1
st
 
quadrant is absent in the 3
rd
 quadrant. Although, the irreversibility is present at 





 quadrants. At 70 K, the irreversibility is absent and we clearly see a 




 quadrants. The meta-
magnetic transition is absent in 125 and 150 K data. The lower value of MS at 
10 K compare to Ms at 40 K, and the strong deviation between ZFC and FCW 












Figure 5.79: Isotherms of M(H) at different temperatures (10, 40, 60, 70, 100, 
125, 150, 175 and 200K) on ZFC sample (x = 0.25). 
 
Figure 5.79 shows M(H) isotherms at selected temperatures measured 
after cooling in zero field for x = 0.25. During the first-field sweep (µ0H = 
0→7T at 10K) marked as path 1, M(H)  initially increases linearly with H as 
expected for an antiferromagnet, and then shows an abrupt increase when the 
field exceeds a critical value μ0Hc= 4.6 T followed by a tendency to saturate at 
higher fields. We obtained a saturation magnetization of Ms = 3.58 μB/f.u. at 
μoH = 7 T, which is closer to 3.5 μB/f.u. expected for this composition and this 
small excess magnetic moment is possibly due to partial alignment of Nd-4f 
moment.  Field cycling along 7 T→ -7 T (path 2) and then from -7 T→7 T 
(path 3) produces a soft ferromagnetic hysteresis loop. Hence, M in the initial 
field-sweep is irreversible. Similar irreversible metamagnetic behaviour is 
seen in M(H) up to 40 K. Although M(H) in initial field-sweep at T = 60 and 
70 K deviates from the subsequent field sweeps, M(H) shows reversible meta-
magnetic transitions in path 2 and 3. The M(H) loop in the first and subsequent 
field sweeps overlap on each other  for T  ≥ 60 K.   
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Figure 5.80: Isotherms of ∆T (H, T) at different temperatures (60, 70, 100 and 
125 K) on ZFC sample (x = 0.25). 
 
Figure 5.80 shows change in temperature of the sample (∆T) measured 
with differential thermal analysis (DTA) as a function of applied field at 
different base temperatures (60, 70, 100 and 125 K). During the first-field 
sweep (0 → +7 T) at 60 K, the temperature difference ∆T between the two Pt 
sensors increases steadily and exhibits an exothermic peak (∆T = +80 mK) at a 
field corresponding to the metamagnetic transition (µ0Hc = 2.65T) and then 
decreases. During field sweep µ0H = +7 T →0 T, ∆T exhibits an endothermic 
peak of smaller value (∆T = -17 mK) and another exothermic peak (∆T = +24 
mK) when H increases in negative direction.  A mirror image is produced in 
the reverse sweep µ0H = -7 T → +7 T. The important highlight is that the 
value of ∆T in the first cycle is larger than in subsequent field sweeps. This 




Similar behaviour is seen at T = 70 K but the value of ∆T peak is 
smaller than at T = 60 K. At T ≥ 100 K, the irreversibility in ∆T vanishes and 
we again see clear anomalies in ∆T during the metamagnetic transitions. This 
∆T indicates that heat is released from the sample to the surrounding during 
the field-induced transition from the antiferromagnetic to the ferromagnetic 
state, and heat is absorbed during the reverse transition due to intrinsic 
magnetocaloric effect. The field-induced irreversibility in M was reported in 







  All these compounds undergo first-order magnetic phase 
transition in which the high temperature phase is super cooled to low 
temperature, and coexists with the low temperature majority phase. We 
believe that the irreversibility found below 40 K in M(H), and DTA is caused 
by  irreversible structural transition of the majority phase, and metastable 
states  formed with high energy barriers between them. 
5.4.5: DC electrical resistivity and thermopower  
Figure 5.81(a) shows the temperature dependence of dc electrical 
resistivity ρ(T) of Nd1-xNaxMnO3 for x = 0.1, 0.15, 0.2 and 0.25 under µ0H = 0 
T. ρ(T) increases with lowering temperature for all samples down to 
measurable temperature range under µ0H = 0 T, and the magnitude of 
resistivity at room temperature decreases with increasing Na doping as more 
holes are doped. There is no insulator to metal transition observed at the FM 




Figure 5.81: (a) (T) and (b) α(T) of Nd1-xNaxMnO3 (x = 0.1, 0.15, 0.2 and 0.25) 
under µ0H =0 T.   
 
  Fig. 5.81(b) shows the temperature dependence of thermopower 
(Seebeck coefficient ‘α’ = ∆V/∆T) of Nd1-xNaxMnO3 for x = 0.1, 0.15, 0.2 and 
0.25 under µ0H = 0 T. At 350 K, α(T) = + 62.54 µV/K for x = 0.1 but it 
decreases to +10.54 µV/K for x = 0.15 and then, the sign changes to negative, 
-5.83 µV/K for x = 0.2 and -11.43 µV/K for x = 0.25. α(T) increases 
monotonically with decreasing temperature and it is not possible to measure 




Figure 5.82: (a) (T) and (b) α (T) of both x = 0.1 and 0.15 under µ0H =0 and 7 T 
magnetic fields. 
 Figure 5.82(a) shows (T) for x = 0.1 and 0.15 under 0H = 0 and 7 T. 




0), and (T, H= 0) is not measurable below a certain temperature. The applied 
magnetic field of 7 T decreases the resistivity (T < 200 K) of x = 0.1 and 0.15 
at low temperature, but fails to induce an insulator to metal transition (IMT). 
Figure 5.82(b) shows the temperature dependence of thermopower (Seebeck 
coefficient ‘α’ = ∆V/∆T) for x = 0.1 and 0.15 under µ0H = 0 and 7 T. α(T) of x 
= 0.1 increases monotonically with decreasing temperature and it is not 
possible to measure below 100 K due to very high value of resistance. On the 
other hand, α(T) of x = 0.15 also increases with decreasing T and shows a peak 
at Tα = 114 K which is absent in x = 0.1. Due to high value of resistance, it is 
not possible to measure below 90 K. The thermopower peak shifts to 
Tand the magnitude of α decreases at the peak value from α = 




Figure 5.83: (a) (T) and (b) α (T) of x = 0.2 under different magnetic fields (µ0H 
= 0, 3, 5 and 7 T). 
 
Fig. 5.83(a) shows the temperature dependence of the dc electrical 
resistivity, (T) for x = 0.2 under 0H = 0, 3, 5 and 7 T. Similarly, (T) 
increases with lowering temperature and it is not measurable below a certain 
temperature under µ0H = 0 T.  On the other hand, insulator metal transition 
(IMT) is induced for the H ≥ 3 T in x = 0.2. The ρ(T) of x = 0.2 shows 
hysteresis between cooling and warming below the peak when µ0H = 3 T. The 
IMT temperature shifts to higher temperatures, TIM = 75, 95 and 107 K for 
µ0H = 3, 5 and 7 T and the hysteresis also decreases with increasing fields.  
Fig. 5.83(b) shows the α(T) for x = 0.2 under µ0H= 0, 3, 5 and 7 T. The 
thermopower changes from negative to positive at T = 323 K upon cooling in 
zero field. This cross over temperature is shifted downward to T = 320 K 
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under µ0H = 7 T. While a peak is not observed in α(T) for zero field, a peak at 
T = Tα  appears for µ0H ≥ 3 T. The peak position, Tα shifts to higher 
temperatures (Tα = 136, 150 and 173 K) and decreases in magnitude (α = 107, 
83 and 63 µV/K) as field increases (µ0H = 3, 5 and 7 T). Much below the 
peak, α is very small as like metals and negative. It is also to be noted that the 
peak in the thermopower (Tα) does not coincide with the TIM but occurs far 
above the IMT (TIM = 75, 95 and 107 K). The occurrence of thermopower peak 




Figure 5.84: (a) (T) and (b) α (T) of charge ordered x = 0.25 under µ0H = 0, 3, 5 
and 7 T. 
Figure 5.84(a) shows (T) under different magnetic fields, 0H = 0, 3, 
5 and 7 T for x = 0.25. (T, H = 0) increases with decreasing temperature and 
exceeds the measurement limit below 80K, whereas it exhibits insulator to 
metal transition at TIM = 96 K under 3 T field. However,  > 102 Ω-cm in the 
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ZFC mode and it decreases with increasing temperature and merges with the 
FCW curve above 40 K. Hysteresis between the FCC and FCW curves are 
notable. As H increases, TIM shifts up to 154 and 178 K for μ0H = 5 and 7 T, 
the irreversible nature decreases and the hysteresis narrows. Fig. 5.84(b) 
shows the temperature dependence of thermopower (α) under the same 
magnetic fields used for ρ(T). At T = 350 K, the value of α is -11 µV/K and it 
gradually decreases in value with decreasing temperature, crosses over to 
positive values around 220 K and reaches a maximum value of α= +54 μV/K 
at T =  82 K below which it is not measurable due to very high resistance. It is 
common to find negative α in manganites for T >> TC and it arises due to 
contributions from spin entropy and the mixing entropy (Heikes term) in the 
expression for thermopower, discussed in earlier work.
32
 When field-cooled 
under 3T, α(T) reaches a maximum value at Tα = 110 K below which it 
decreases  rapidly to  zero and even changes sign (= -1µV/K) in the metallic 
state. It is noted that (T) shows the I-M transition in the same temperature 
range. The ZFC value of α at 10 K is higher than in the FCW mode and the 
difference decreases as temperature increases, and becomes negligible above 
40K. Hence, α(T) exhibits irreversibility behaviour between the ZFC and 
FCW curves for μoH = 3T though it is less prominent than in (T). Further, 
α(T) shows hysteresis similar to (T) between the FCW and FCC modes.  Tα 
shifts to higher temperature with increasing H (Tα = 160 and 180 K for 5 T and 
7 T, respectively) and the hysteresis decreases.  When µ0H = 7 T, α(T) is 
positive only in narrow temperature region T = 175-187 K around the peak 
and the cross-over  shifted to 190K. A comparison with Fig. 5.84(b) suggest 
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that the features observed in α(T) closely tracks the behaviour of (T) which 
itself tracks M(T).  
 
Figure 5.85: The percentage of (a) negative magnetoresistance (-MR) and (b) 
magneto-thermopower (MTEP) as function of temperature for the field change 
of 7 T of Nd1-xNaxMnO3.  
 
Figure 5.85(a) shows the magneto-resistance, 𝑀𝑅(%) =  [(𝜌(𝐻) −
𝜌(0))/𝜌(0)] × 100 for all the samples with ∆H = 7 T. The magnetoresistance 
is negative in all the samples and -MR = 55 and 80% for x = 0.1 and 0.15, 
respectively, at lowest measurable temperature. On the other hand, -MR ≅ 
100% at 90 K for x = 0.2 K and at 140 K for x = 0.25. The Fig. 5.85(b) shows 
the percentage of magneto-thermopower (MTEP = [(α(H)-α(0))/α(0)]) for x = 
0.1, 0.15 and 0.2 with ∆H = 7 T. The MTEP is small and negative for x = 0.1, 
whereas the x = 0.15 and 0.2 show very large negative MTEP of 60 and 85% 
at 100 K, respectively. MTEP decreases with increasing temperature. The MR 
for x = 0.25 shows a sharp rise below 170 K and FM metallic state , which 





Figure 5.86: (a) and (c) polaronic fit for ln(/T) and α(T) vs 1/T plots for all 
samples under µ0H = 0 T. (b) and (d) polaronic fit for ln(/T) and α(T) vs 1/T 
plots under different magnetic fields (0, 5 and 7 T) for charge ordered x = 0.25. 
 
Electrical conduction in paramagnetic state of manganites is generally 
dominated by adiabatic hopping of small polarons obeying the relation: 
𝜌(𝑇) = 𝜌0𝑇 𝑒𝑥𝑝(𝐸𝜌/𝑘𝐵𝑇)  …                                 (3). 
where E is the activation energy for the electrical transport and kB is 
the Boltzmann constant. E = WH+Es, where Es is the activation energy for 
thermopower and WH is the binding energy for small polaron. We have 
analyzed high temperature resistivity data (in paramagnetic state). Fig. 5.86(a) 
shows the plots of ln(/T) versus 1/T. It is found linear which indicates that 
resistivity follows the equation (3), which is expected for small polaronic 
transport. From the fit, the estimated activation energies are E = 162.27, 
157.7, 152.7 and 159.5 meV for x = 0.1, 0.15, 0.2 and 0.25, respectively. The 
activation energy decreases with increasing Na content except for x = 0.25, 
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where it shows higher activation energy than x = 0.15 and 0.2. This increase in 
E for x = 0.25 is attributed to the development of CO state in the system. This 
increase in E for x = 0.25 is attribute to the development of CO state in the 
system. Fig. 5.86(b) shows the plots of ln(ρ/T) versus 1/T for x = 0.25 sample 
under μoH = 0, 5 and 7 T. The high temperature data can be fitted with two 
straight lines with different slopes and the deviation occurs at TCO. The slope 
of the straight line above TCO is less than the slope of second straight line 
below TCO and the estimated activation energy Eρ = 159.53 meV for T > TCO is 
less than Eρ = 182.14 meV for T < TCO in zero field. The activation energy 
above TCO decreases with increasing field and reaches to 148.02 meV (124 
meV) for μoH = 5 T (7 T).   








+ 𝑐)] … …       … … … … … … … … … … … … (4) 
where E is the activation energy for thermopower and c is a  sample 
dependent constant related to the kinetic energy of polarons and characterizes 
the process of charge carrier scattering. If c < 1, means that the transport is due 
to small polaron hopping and c > 2 means large polaron hopping.
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The high temperature thermopower data is analyzed and observed a 
linear behaviour in α(T) versus 1/T plots (Fig. 5.86(c)). The activation energies 
are estimated from the linear fit by using the equation (4).The activation 
energies of thermopower are E = 29.2, 34.3, 38.6 and 11.9 meV for x = 0.1, 
0.15, 0.2 and 0.25, respectively under 0 T. The large difference between the 
activation energies of resistivity and thermopower and the linear behaviour of 
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ln(/T), α(T) versus 1/T plots support the adiabatic small-polaronic conduction 
mechanism in electrical and thermal charge carrier transport. Figure 5.86(d) 
shows α(T) versus 1/T plots for x = 0.25 under 0, 5 and 7 T fields. The 
calculated activation energies are Eα = 11.9 (0T), 8.25 (5T) and 4.9 meV (7T) 
for T > TCO and 14.45 meV (0 T) for T < TCO. The calculated c value is 0.463 
in zero field and E << E means that hopping of small polarons dominates the 
electrical conduction. 

















Figure 5.87: Field dependent (a) logarithmic ρ versus M2 and (b) α versus M for 
x = 0.15 
The correlation between field dependent resistivity (ρ(H)) and 
magnetization (M(H)) above Curie temperature in hole doped manganites has 
been proposed by Urushibara et al.
244
, Chen et al.
245
 and Wang et al.
246
 They 
proposed a universal relation, 𝜌 = 𝐴𝑇𝑒𝑥𝑝[(𝜀 − 𝛼𝑚2)/𝑇]   for hole doped 
manganites, where α is a constant, m is the normalized magnetization, ε is the 
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activation energy for polarons. Figure 5.87(a) and (b) show the ln(ρ(H)) versus 
M
2, and α(H) versus M2, respectively, for a ferromagnetic sample x = 0.15. 
Fig. 5.87(a) shows an exact linear variation observed between the logarithmic 
ρ and M2 for T > TC. Interestingly we found a linear variation isotherms of 













Figure 5.88: (a) and (d) (H) and (b) and (e) α (H) at different temperatures for 
x = 0.15 and 0.2, respectively. (c) and (f) show the logarithmic ((H,T)) versus α 
(H,T) plots for both x = 0.15 and 0.2, respectively. 
 
In ordered to understand the relation between the resistivity and 
thermopower, we have simultaneously measured the field dependence 
isotherms of resistivity and thermopower. Fig. 5.88(a) and (d) show isotherms 
of field dependence of resistivity, and Fig. 5.88(b) and (e) show the isotherms 
of field dependence of thermopower above the Curie temperature for x = 0.15 
and 0.2, respectively. Fig. 5.88(c) and (f) show a logarithmic (ρ) versus α plot 
 164 
 
and the linear behaviour between the field dependent resistivity and 













Figure 5.89: Field dependence of (a) dc resistivity,  (H,T) and (b) thermopower, 
α(H,T) at selected temperatures for x = 0.25. 
Figure 5.89(a) and (b) show the relation between ρ(H) and α(H) at 
selected temperatures for x = 0.25 sample respectively. When T = 10 K, ρ(H) 
during the initial field-sweep is not measurable for µ0H < 4.2T, but ρ(H) 
shows a rapid decrease between 4 T and 5 T followed by a slow variation at 
still higher fields. As the field is cycled (+7 T → -7 T → +7 T), resistivity 
remains at lower values than during the first-sweep. This irreversible 
behaviour of ρ(H) closely follows the same trend as seen in M(H). A similar 
trend persists up to T = 40 K. When T = 60 K, ρ(H) drops precipitously from 
~10
5
 Ω-cm to a few mΩ-cm in the first forward field sweep (µ0H = 0T to +7 
T) at 2.65 T. 
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Subsequently, as the field is decreased from µ0H = +7 T to -7 T and 
increased back to +7 T, ρ(H) shows a hysteresis loop that is reversible in both 
the directions of H similar to the magnetization.  At  T = 100 and 125 K, ρ(H) 
initially decreases gradually with increasing field and shows a rapid decrease 
during the field-induced metamagnetic transition at a critical value of the 
magnetic field. At these temperatures, hysteresis between increasing and 
decreasing branches of H is clearly reversible. The field dependence of α, 
shown in Fig. 5.89(b) closely resembles ρ(H).  At T = 10 K and 60 K, α(H) 
also shows an irreversible behaviour between the first forward field sweep (0 
to + 7 T) and subsequent field sweeps. While α(H) shows reversible hysteresis 
during the field-induced metamagnetic transition at T = 100, 125 and 150 K,  











Figure 5.90: α(H) and ρ(H)  at (a) T = 70 K and (b) 125 K, (c) magnetoresistance 
(MR) and (d) magnetothermopower (MTEP) at selected temperatures (100, 125, 
150, 175 and 200 K) for x = 0.25. Inset of Fig.(d) is the dependence of 
thermopower on square of the magnetization in the paramagnetic state. 
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Figure 5.90(a) shows α(H) and ρ(H) at T = 70 K, on the left and right 
scales, respectively.  As the field increases, (H) decreases abruptly at Hc = 3 
T and that is accompanied by an abrupt decrease in the resistivity. Both α(H) 
and ρ(H) trace a nice hysteresis loop but of smaller magnitudes in subsequent 
field cycles from +7 T → -7 T → +7 T. Both α(H) and ρ(H) at 125 K exhibit 
reversible hysteresis loop, and indicates similar field dependences as shown in 
Fig. 5.90(b). Fig. 5.90(c) shows the magnetoresistance ratio (MR= [ρ(H)-
ρ(0)]/ρ(0)) at T = 100, 125, 150, 175, and 200 K.   
Only the forward field-sweep is shown for clarity. The MR at 100 K is 
negligible at lower fields when the sample is in the AFM state. As H increases, 
the AFM phase partially collapses and ferromagnetic phase evolves, during 
which MR increases in magnitude abruptly by 100%. At higher fields, MR 
varies gradually when the sample is fully converted into FM metallic phase. 
The critical field for the metamagnetic transition shifts to higher field with 
increasing temperature and it is not observed for T > 175 K. The 
magnetothermopower, MTEP = ∆α/α = [α(H)-α(0)]/α(0)]  reaches -100% at 
4.4(3.3) T and T = 125 (100) K.  In fact, MTEP slightly exceeds 100% 
because of the change in sign of α. The MTEP hardly varies with the magnetic 
field after the metamagnetic transition is completed. The rapid increase in the 
magnitude of MTEP shifts to higher field as T increases. However, while MR 
is only -51% and -35% at T = 175 K and 200 K respectively, MTEP reaches -
100% at both these temperatures.  We are not aware of any theoretical 
predictions on how α varies with H. We find α(H) is linearly proportional to 
the M
2
 at 200 K and 225 K as shown in the inset when the sample is in the 
paramagnetic state but deviates from the linearity at 175 K. 
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The ρ(T) of both x = 0.1 and 0.15 show a semiconducting behaviour 
under 0 T and 7 T with large MR in the ferromagnetic region. The 
thermopower is also increases rapidly similar to resistivity in x = 0.1. It 




, there exists a strong competition between 
super exchange interaction which holds the insulating phase and the double 
exchange interaction which enables the ferromagnetic spin polarization. The 
increase in hole concentration (Mn
4+
 cations) in x = 0.15, exhibits a peak in 
thermopower but fails to enable the electrical percolation in the ferromagnetic 
region. Whereas, further increase in hole concentration in x = 0.2 also show 
semiconductor behaviour and there is a rapid increase in the thermopower in 
zero magnetic field due to the presence of mixed antiferromagnetic, charge 
order and ferromagnetic phases. The decrease in antiferromagnetic strength 
and melting of charge ordering under external fields (µ0H ≥ 3 T) induce the 
insulator to metal transition (IMT) and peak (Tα) in the thermopower. The 
thermopower decreases rapidly and changes its sign to negative in the 
ferromagnetic metallic state below TC due to spin polarization.    
Unlike x = 0.1 and 0.15, the thermopower of x = 0.2 is small and 
negative in the paramagnetic state i.e., much above the ferromagnetic state.  
There is a clear sign change in thermopower by doping and/or by lowering the 
temperature. The change in the sign of the thermopower as lowering the 
temperature (in PM state) and with increasing field (in FM state), indicates 
that the spin polarization affects the electronic nature of charge carriers. On 
the other hand, the negative sign of the thermopower in moderately hole doped 






For x = 0.25, a change in the magnetic state of the sample has a 
dramatic effect on (measured in an open circuit with no net current flow) 
and it resembles the effect of magnetic field on the resistivity measured in 
presence of a forced current. In our sample,  is positive and large at 
80 K when the neighbouring Mn spins are anti-parallel, and turns to small and 
negative value when the neighbouring spins are forced to become parallel at a 
high magnetic field, which implies spin-dependent thermal transport. The 
observed MTEP is much higher than /(H=0) = 65.3% for H = 8T, which 
is found in La0.7Ca0.3MnO3 thin film.
6
 The charge carriers (holes) in the title 
composition are localized and ordered in the AFM state. As the AFM state 
collapses and transforms into ferromagnetic with increasing H at a constant 
temperature, charge ordering is destroyed and holes become delocalized 
leading to metallic conduction. Under the imposed temperature gradient, 
delocalized holes diffuse from the hot to the cold end, which results in the 
observed MTEP. However, the observed MTEP is much larger than MR at 
higher temperatures, e.g., at T = 175 and 225 K when the sample is in 
paramagnetic state. A discrepancy between the magnitudes of MR and MTEP 
could arise due to the fact that the electrical conductivity is proportional to the 
density of states at the Fermi level, and thermopower probes the asymmetry in 
the density of states at the Fermi level.
7,247
 The large MTEP could be due to 
the large asymmetry in the density of states for spin up and spin down holes in 
the zero-field. As the field increases, Zeeman splitting between the spin-up 
and spin down-density of states will also increase. The change of sign from 
positive to negative thermopower at high fields suggests that the electron 
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filling at the Fermi level of one of the spin split band increases with the 
magnetic field.  
5.5: Summary 
 
Single phase polycrystalline Nd1-xNaxMnO3 (x = 0.1, 0.15, 0.2 and 
0.25) were prepared by the Sol-gel method. The temperature and field 
dependent magnetic, electrical, magnetocaloric and thermopower properties of 
Nd1-xNaxMnO3 (x = 0.1, 0.15, 0.2 and 0.25) were studied. 
1. The high saturation magnetization (MS) above theoretical values at 
10 K, and dispersion of -∆Sm versus T curves below 50 K for x = 
0.1 and 0.15 suggests the ferromagnetic contribution of Nd 
moments. 
2. We found that field-induced collapse of antiferromagnetic state in x 
= 0.2 and 0.25 at a fixed temperature or as a function of 
temperature is accompanied by giant negative magnetoresistance 
and magnetothermopower as high as 100%.   
3.  Thermopower shows reversible and irreversible behaviour during 
the magnetic field sweep, which corroborates with magnetization 
and resistivity in x = 0.25.   
4. In addition, irreversible heat evolution at low temperature was also 
demonstrated using the differential thermal analysis in the charge 
ordered compound x = 0.4. Our results suggest a close interplay 
between magnetization, electrical resistance and heat transport in 
the studied sample.  
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5. It is found that the electrical resistivity and thermopower support 
the adiabatic small-polaron hopping mechanism in the 
paramagnetic state.  
6. The field induced ferromagnetic metallic behaviour is observed 
with a large negative magnetoresistance (~100 %) and 
magnetothermopower (~90%) in a charge ordered compound x = 
0.2. The large negative MR and MTEP indicate that the spin order 
parameter is playing a vital role on the electrical and thermal 
transport properties of manganite systems.  
7. We found the close correlations among the field dependence of 














Chapter 6: Conclusions and future work  
 
In this thesis, magnetization, dc electrical resistivity, magnetocaloric 
and magnetothermopower in divalent Sr, trivalent Sm and monovalent Na 
doped manganites (Pr1-xSrxMnO3, Pr0.6-xSmxSr0.4MnO3, Pr0.8-xSmxSr0.2MnO3, 
and Nd1-xNaxMnO3) were investigated.  
The magnetization of the above series has shown various magnetic 
properties such as first and second order magnetic transitions, first order 
structural and charge order transitions, field-induced reversible and 
irreversible meta-magnetic transitions, and unusual anomalies due to 3d-4f 
antiferromagnetic interactions. The order of magnetic phase transitions was 
studied by the Arrott plot and universal scaling behaviour of magnetic entropy 
change.   
The magnetocaloric studies show that magnetic entropy change can 
either decrease (normal MCE) or increase (inverse MCE), depending on the 
doping level (x) and structural phase transition. MCE and RC are found near 
room temperature (Pr1-xSrxMnO3, where x = 0.3, 0.4 and 0.42), which is 
promising for room temperature magnetic refrigeration applications.  
The dc-electrical and thermoelectric measurements under zero and 
non-zero magnetic fields elucidated several peculiar properties in these series. 
Important properties include, ferromagnetic-metallic, ferromagnetic-
insulating, paramagnetic metallic, insulator to metal transitions, colossal 
magnetoresistance, positive and negative thermopower, cross-over behaviour 
in thermopower with varying carrier concentration and temperature, peak and 
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sharp slope change in thermopower at magnetic phase transitions,  and large 
magnetothermopower are investigated.  
6.1: Summary 
 
The linear correlations among field dependent magnetization, dc-
resistivity and thermopower were also reported. The important interpretations 
of this thesis work were summarized in the last section of every chapter. In 
this chapter, a brief summary and the future scope of this thesis work are 
presented.  
6.1.1: Magnetic, electrical, magnetocaloric and magnetothermopower in Pr1-
xSrxMnO3 
 
The magnetic, magnetocaloric, dc-electrical resistivity and thermopower 
properties are studied on polycrystalline Pr1-xSrxMnO3 with varying Sr content 
from 0.1 to 0.54.   
1. The paramagnetic to ferromagnetic transition is second order and 
the Curie temperature increases from 120 K to 305 K with varying 
Sr content from 0.1 to 0.4. The rise in TC with increasing Sr is due 
to increased carrier concentration and is also due to a change in 
structural parameters. However, TC decreases to 252 K for x = 0.5 
and this compound shows first order FM to AFM transition at a 
lower temperature (TN = 152 K). On the other hand, at x = 0.54 
there is a direct transition from PM to AFM transition at TN = 203 
K. The first order transition is accompanied by structural transition. 
2. Inverse MCE (i.e. entropy increases with field) at the first order 
structural or antiferromagnetic transition are observed. The order of 
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magnetic phase transitions and critical parameters of room 
temperature PM to FM transitions for x = 0.4 is studied by the 
Arrott plot and universal master curve of -∆Sm versus T curves.   
3. The compound x = 0.1, which is expected to have 90 % Mn3+ and 
10% of Mn
4+
, shows second order PM to FM transition, but fails to 
induce insulator-metal transition at the Curie temperature. The 
peak in thermopower of x = 0.1 is not clear due to high resistance 
of the sample. This FM-insulating behaviour in zero and under µ0H 
= 5 T suggests that the ferromagnetic double exchange interaction 
is weaker and most likely that ferromagnetic super-exchange 
interaction plays an important role. The ρ(T) of x = 0.2 shows a 
double peak in resistivity at high (Tρ) and low (Tf) temperatures. 
ρ(T) under different fields revealed that the peak at high 
temperature corresponds to the magnetic ordering and low 
temperature peak is of extrinsic origin. Except for x = 0.54, all 
studied compounds (x ≥ 0.2) show insulator to metal transition near 
TC.  
4. α(T) of Pr1-xSrxMnO3 series shows a large positive peak (89 
µV/K under 0 T for x = 0.2), and the sign changes to negative 
with increasing Sr content. 
5. Thermopower changes more rapidly than resistivity at the magnetic 
phase transition in some compositions. The dc resistivity depends 
not only on the magnetic properties of grains but also on 
contributions from highly resistive non-magnetic grain boundaries. 
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Thermopower seems to be more sensitive to magnetic ordering 
than resistivity. The high temperature dc-electrical resistivity and 
thermopower follow an adiabatic small transport mechanism.   
6. The ac electrical transport enacts the behaviour of ac susceptibility 
and provides a simple means of investigating interplay between 
charge transport and magnetism simultaneously. Contribution from 
non-magnetic grain boundaries seems to be overwhelmed by the 
dynamic magnetic properties of grains in the ac electrical transport.  
7. We found a linear relation between field dependent logarithmic ρ 
and M
2, α and M2 and logarithmic ρ and α in the PM regime.  
6.1.2: Magnetic, electrical, magnetocaloric, and magnetothermopower of 
Sm doped Pr1-xSrxMnO3: 
 
1. Pr0.6Sr0.4MnO3 and Pr0.8Sr0.2MnO3 show a second order PM to 
FM transition and an insulator to metal transition at their Curie 
temperatures TC = 305 K and 163 K, respectively. The 
thermopower is positive from 350 K to 10 K for Pr0.8Sr0.2MnO3 
but negative for Pr0.6Sr0.4MnO3.  
2. The ferromagnetic Curie temperature decreases and the 
magnitude of resistivity and thermopower increases with 
increasing Sm content in both the Pr0.6-xSmxSr0.4MnO3 series and 
the Pr0.8-xSmxSr0.2MnO3 series. 
3. The second order PM to FM transition of Pr0.6-xSmxSr0.4MnO3 
becomes first order for x = 0.6. The first-order PM-FM transition 
may be caused by the strong magnetic-elastic coupling in this 
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compound. The MCE is significantly enhanced in x = 0.5 and 
0.6 due to the field induced first order meta-magnetic transitions. 
The order of magnetic transitions are analysed by Arrott plots 
and universality scaling of isothermal entropy change. 
4. ρ(T) and α(T) of Pr0.6-xSmxSr0.4MnO3 for x = 0 - 0.6 show 
insulator to metal transition and sharp slope changes in 
thermopower at their Curie temperatures. The x = 0.6 shows 
large negative MR (96%) and negative MTEP (75%) under ∆H 
= 5T.  
5. The resistivity shows insulating behaviour in all compounds of 
Pr0.8-xSmxSr0.2MnO3 for x ≥ 0.2 under µ0H = 0 and 5 T. This 
ferromagnetic insulating behaviour is due to weaker double 
exchange mediated ferromagnetic phase separation (non-
percolating ferromagnetic clusters in paramagnetic phase cannot 
be completely overruled). However, resistivity shows insulating 
behaviour down to the lowest temperature. Thermopower shows 
a peak at ferromagnetic transition under µ0H = 0 and 5 T. The 
shifts in peak position (Tα) and magnetothermopower with an 
applied magnetic field strongly suggest that the magnetic 
ordering plays an important role in thermopower.  
6.1.3: Magnetic, electrical, magnetocaloric and magnetothermopower of Nd1-
xNaxMnO3 
 
1. The magnetization of Nd1-xNaxMnO3 shows second order PM to FM 
transition for x = 0.1 – 0.2. The compound x = 0.25 shows charge 
ordering (CO) at TCO = 180 K followed by CE-type AFM transition at 
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TN =120 K. The M(T) of x = 0.25 under different magnetic fields 
suggests that the AFM ground state transforms into an FM state 
through a first order phase transition. The charge ordering state is 
weakened under high magnetic fields. 
2. The large saturation magnetization MS and dispersion in -∆Sm versus T 
curves at low temperatures for x = 0.1 and 0.15 suggest the 
ferromagnetic contribution of Nd-4f moments in the magnetization. 
The zero-field cooled (ZFC) M(H) isotherms show irreversible 
behaviour at T ≤ 40 and 60 K for x = 0.2 and 0.25, respectively due to 
the presence of strong AFM and CO ground states. 




down to the measured temperature under zero field. The ρ(T) of x= 0.2 
and 0.25 show insulator to metal transitions for µ0H ≥ 3 T. However, x 
= 0.1 and 0.15 show ferromagnetic insulating behaviour under µ0H= 7 
T.  
4. The irreversible and reversible field induced transitions with first order 
are observed in both field dependent magnetization and dc-resistivity. 
The irreversible and reversible heat evolution from the sample is 
demonstrated using differential thermal analysis in the charge ordered 
compound, x = 0.25. 
5. α(T) of Nd1-xNaxMnO3 is studied under different magnetic fields. α(T) 
increases monotonically with decreasing temperature under µ0H = 0 T. 
α(T) of the FM-insulator, x = 0.15, shows a peak at Tα = TC = 113 K 
under µ0H = 0 T and Tα shifts to 158 K under µ0H = 7 T. α(H) shows 
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reversible and irreversible behaviour during magnetic field sweeps, 
which corroborates with magnetization and resistivity in x = 0.25.  
6. The large difference between the activation energies of resistivity 
and thermopower support the adiabatic small polaronic conduction 
mechanism in electrical and thermal charge carrier transports. We 
found linear relationships between field dependent logarithmic ρ and 
M
2
, α and M2 and logarithmic ρ and α in the PM regime.  
6.2: Future scope 
 
Several peculiar properties of the hole doped manganites are 
investigated in this thesis work. Particularly, the magnetocaloric and 
thermoelectric properties are the more striking features brought out in this 
work. Though, some thermoelectric and electrical transport properties need to 
be addressed in detail.  
1. The -∆Sm of these hole doped manganites can be improved by selective 
compositions, where both structural and magnetic phase transitions exist 
together. Generally, the width of -∆Sm versus T is small, which gives a 
small refrigeration capacity. We suggest that the magnetocaloric 
parameters be improved in nano-structure materials.  
2. The ac transport measurement on Pr0.6Sr0.4MnO3 reveals the structural and 
magnetic phase transition which is hardly found in dc-transport and gives 
large ac-magnetoresistance under a few hundred Oe in manganites. Ac-
transport must be investigated for other compositions studied in this thesis, 
where measurements were not taken due to a lack of time and break down 
of an instrument needed for ac transport for six months.  
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3. There is no clear evidence/origin to explain the peak in thermopower at 
magnetic transitions. Thermopower and magnetothermopower are scarcely 
studied in these hole doped systems compared to magnetic and electrical 
properties both theoretically and experimentally. We have analysed the 
thermoelectric transport in the paramagnetic regime along with electrical 
and magnetic properties. The magnetothermopower in the FM regime 
becomes negligible, whereas the sample shows considerable 
magnetoresistance. The theoretical modelling must be developed to 
explain the observed correlation between field dependent resistivity, 
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